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ZOOLOGICAL RESEARCH 


Progress in in vitro culture and gene editing of porcine 


spermatogonial stem cells 


Research on in vitro culture and gene editing of domestic 
spermatogonial stem cells (SSCs) is of considerable interest 
but remains a challenging issue in animal science. In recent 
years, some progress on the isolation, purification, and 
genetic manipulation of porcine SSCs has been reported. 
Here, we summarize the characteristics of porcine SSCs as 
well current advances in their in vitro culture, potential usage, 
and genetic manipulation. Furthermore, we discuss the 
current application of gene editing in pig cloning technology. 
Collectively, this commentary aims to summarize the progress 
made and obstacles encountered in porcine SSC research to 
better serve animal husbandry, improve livestock fecundity, 
and enhance potential clinical use. 

Gene editing technology can not only improve livestock and 
poultry reproduction and meat quality (Gonen et al., 2017), but 
can also promote the study of gene function and therapy for 
human disease models via precise fixed-point editing (Gori et 
al., 2015; Zhao et al., 2019). Existing research suggests that 
SSCs maintain stability through self-renewal and can 
differentiate into sperm in order to produce offspring (Dym, 
1994). However, the number of SSCs in mammalian testis is 
limited, and enrichment of SSCs is usually required using in 
vitro culture. In this context, constructing a suitable in vitro 
culture system that facilitates stable passage and 
maintenance of undifferentiated SSCs will help to reveal the 
biological characteristics of SSCs. Furthermore, it will allow for 
exploration of their potential usage and mechanisms of self- 
renewal and differentiation, as well as their application in 
transgenic manipulation and male infertility (Kubota & Brinster, 
2006). For instance, a recent study established long-term 
propagation of tree shrew SSCs, paving the way for genetic 
modification of this animal for biomedical research (Li et al., 
2017). 

Gene editing is a genomic manipulation process involving 
base deletion, insertion, or mutation of a target gene 
sequence by means of the cell's own DNA damage repair 
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mechanism (Hwang et al., 2013; Ma et al., 2018). To date, the 
protocols for the isolation, purification, in vitro culture, and 
transplantation of murine SSCs have been established 
successfully (Brinster & Avarbock, 1994; Kubota et al., 2003, 
2011; Nagano et al., 1998; Shinohara et al., 1999, 2000a, 
2000b), and are widely accepted and used within the field. In 
contrast, the lack of a reliable protocol for the establishment of 
porcine SSC (pSSC) lines remains challenging and a major 
obstacle in genetic manipulation. However, many scientists 
are attempting to overcome these difficulties, with particular 
progress reported in recent years (Park et al., 2017b). Here, 
we summarize the characteristics of pSSCs, difficulties in 
establishment of pSSC lines, and recent advances in the field, 
which we hope will provide a useful reference for researchers. 

SSCs are a population of germline stem cells residing in the 
testes of male animals. They are a type of unipotent stem cell 
with capacities of self-renewal and differentiation, which is the 
basis of spermatogenesis and male reproduction (de Rooij, 
1998). Due to these abilities, SSCs can be permanently 
maintained to continuously produce sperm over the lifetime of 
a male, and thus allow the transmission of genetic information 
to the next generation. Therefore, SSCs are a core factor of 
male animal fertility. 

Primordial germ cells (PGCs), the precursors of germ line 
cells, undergo a series of changes to eventually develop into 
SSCs. In the embryonic stages, the pre-spermatogonia are 
arrested, and it is generally believed that they regain 
proliferative activity within one week after birth in mice 
(Huckins & Clermont, 1968; Sapsford, 1962). Postnatally, 
SSCs are located on the basement membrane of the 
seminiferous tubule of male testes and function as initiating 
cells for spermatogenesis regulated by their 
microenvironment. The signals in the niche microenvironment 
affect the fate of SSCs, which can maintain their own 
population through self-renewal or can be directed to 
differentiate and eventually produce sperm (Chiarini-Garcia et 
al., 2003). Glial cell line-derived neurotrophic factor (GDNF) is 
essential for SSCs to maintain their reserves via constant self- 
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renewal (Buageaw et al., 2005; Meng et al., 2000), with the 
stable pool of SSCs forming the basis of continuous 
spermatogenesis throughout life (Meachem et al., 2001). The 
production of type A spermatogonia marks the beginning of 
spermatogenesis (Takagi et al., 2001). According to the 
hierarchy of differentiation, type A cells can be subdivided into 
single (A,), paired (A,,), and aligned (A„) spermatogonia, 
which are also called undifferentiated spermatogonia (de 
Rooij, 1998; de Rooij & Russell, 2000). Normally, about half of 
the A, spermatogonial cell population divide into A, 
spermatogonial cells, whereas the other half undergo self- 
renewal and division to maintain the pool of stem cells. The A,, 
spermatogonia then divide further to form 4, 8, or 16 A, 
spermatogonial cell chains (Meachem et al., 2001). All of 
these processes are under precise control. 

Spermatogenesis is a complex process of sperm cell 
development, including mitosis and meiosis, starting from 
SSCs to derived differentiated germ cells. Although markers 
for developing germ cells have been well studied in mice 
(Encinas et al., 2012), developmental stage-specific markers 
of germ cells in livestock have not yet been identified (Park et 
al., 2017a). Existing studies suggest that PLZF, ID4, and E- 
cadherin are markers of undifferentiated spermatogonia 
(Abbasi et al., 2013; Borjigin et al., 2010; Costa et al., 2012; 
Reding et al., 2010; Sun et al., 2015). In addition, c-kit is 
thought to be a marker for differentiated spermatozoa in 
porcine testis after puberty (Ran et al., 2018). These findings 
may contribute to future research on pig spermatogenesis 
(Ran et al., 2018). Moreover, the GDNF signaling pathway is 
essential for maintaining SSC self-renewal and replication in 
SSC culture systems. Excessive GDNF can lead to testicular 
germ cell tumors, whereas insufficient GDNF expression 
causes premature depletion of SSCs in testes (Ferranti et al., 
2012; Hofmann, 2008). Zheng et al. (2014) identified the 
expression of thymus cell antigen 1 (THY1) in pig testicular 
tissue and subsequently used THY1 to isolate and enrich 
SSCs from testes of newborn piglets, showing that THY1 is a 
surface marker of SSCs in pre-pubertal testes and can be 
used for SSC identification and isolation in pigs. Moreover, 
THY1 has been used for the purification of SSCs in bulls 
(Reding et al., 2010) and goats (Abbasi et al., 2013). Notably, 
previous study has also reported that SSCs from tree shrews, 
a species closely related to primates, can be successfully 
enriched using THY1, with the Whnt/B-catenin signaling 
pathway also identified as pivotal for their maintenance (Li et 
al., 2017). These observations indicate similarity in the 
characteristics of SSCs from different species, and that the 
experience gained from species with established SSC lines 
may be valuable for pSSC study. 

An effective culture system of primary pSSCs is a very 
powerful tool for both research and animal husbandry and 
provides a good platform for exploring spermatogenesis in 
vitro. In addition, further establishment of a highly efficient in 
vitro culture system for pSSCs would be conducive for studies 
on biological characteristics, and also lay a foundation for the 
application of SSCs in transgenic animals or in the treatment 
of human infertility. However, pig spermatogonial stem cell 
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establishment is a universal problem, with many large 
obstacles that need to be overcome to realize the long-term 
culture (Lin et al., 2016). The survival of SSCs requires a 
specific microenvironment, called the SSC niche. Thus, SSCs 
can only survive transiently or spontaneously differentiate 
when they are detached from the microenvironment on which 
they depend (Brinster & Zimmermann, 1994). Therefore, a 
suitable culture system combining feeder cells and growth 
factors is required to effectively expand SSCs and maintain 
their undifferentiated state in vitro (Brinster & Zimmermann, 
1994). Although rodent SSC lines have been successfully 
established in vitro (de Rooij & van Beek, 2013), there are few 
reports on the establishment of pSSCs. In addition to the 
rareness of SSCs in the testis and the lack of reliable surface 
markers, which hinder the isolation and purification of SSCs 
from livestock, the lack of stable culture systems in vitro is 
another challenging obstacle in this field. For rodent SSC 
culture, finite growth factors and suitable cell feeders have 
been identified (de Rooij & van Beek, 2013). GDNF is a well- 
known factor for maintenance of SSCs both in vivo and in 
vitro, and mammalian single-minded (SIM) mouse embryo- 
derived thioguanine and ouabain resistant cells (STO) or 
mouse embryonic fibroblasts (MEF) are feeder cells that 
secrete essential factors for the proliferation of rodent SSCs 
(Bellvé et al., 1977). However, the pSSC culture system is 
imperfect, and the existing culture system for rodent SSCs 
cannot be applied to fully realize the long-term culture of 
pSSCs in vitro (Kuijk et al., 2009). In the established system 
for rodent SSCs, neither the serum-containing nor serum-free 
system appear to work well for pSSCs, and the feeders are 
unsuitable for pSSC maintenance. Therefore, optimizing the in 
vitro culture system of pSSCs in necessary to lay the 
foundation for exploring their biological characteristics 
(Schlatt, 2002). Typically, SSCs should be stably passaged 
under an undifferentiated state. 

Based on the efforts of many scientific teams, we have 
learned that in vitro culture of pSSCs_ requires efficient 
enrichment of SSCs, identification of key growth factors, 
component finite medium, and appropriate feeder cells. Zhang 
et al. (2017b) optimized in vitro culture conditions for 
undifferentiated pig spermatogonia, in which germ cells were 
isolated and enriched from 7-d-old pig testes by optimized 
differential plating. They tested the effects of several different 
growth factors and feeder layers to maintain spermatogonia 
for at least two months in vitro without losing stem cell 
characteristics (Zhang et al., 2017b). Moreover, they found 
PLD6 to be a surface marker of undifferentiated 
spermatogonia in pre-adolescent boar testes, which could be 
used to enrich undifferentiated spermatogonia in an 
unprecedented way (Zhang et al., 2017a). Liu et al. (2017) 
identified SETDB1 as a novel epigenetic regulator of male 
porcine germ cells, which helps maintaining germ cell survival 
under regulation of H3K27me3. These findings provide a 
sufficient theoretical basis for the future epigenetic regulation 
of spermatogenesis (Liu et al., 2017). Zhao et al. (2018) 
attempted to establish a culture system for spermatogenesis 
of Bama mini-pig SSCs. They co-cultured dissociated 


testicular cells from 30-d-old pigs to simulate 
spermatogenesis, confirming that SSCs can differentiate in a- 
MEM-supplemented knockout serum replacement medium 
and develop to the post-meiosis stage (Zhao et al., 2018). 
Park et al. (2017b) developed a 3D culture microenvironment 
to promote the self-renewal of pig SSCs. In brief, pSSCs were 
cultured in agarose-based 3D hydrogels and 2D culture 
plates, followed by analysis of cell colony formation, 
morphology, alkaline phosphatase activity, transcription and 
translational regulation of self-renewal related genes, cell 
viability, etc. Proliferation was determined by the effect of 3D 
culture on the maintenance of undifferentiated SSCs, with the 
final results indicating that self-renewal of pSSCs was more 


effectively maintained in the 3D than in the 2D culture 
microenvironment (Park et al., 2017b). These findings will play 
an important role in the future development of new SSC 
culture systems for different species, and thus help in 
advancing SSC research (Park et al., 2017b). The 
aforementioned studies indicate a step forward for the 
maintenance of pSSCs in vitro. Accordingly, we constructed a 
summary schematic to briefly delineate the establishment of 
porcine SSCs in Figure 1. Although the current system for 
pSSC isolation and in vitro culture remains imperfect, we 
believe that continued progress will play an important role in 
the future development of new culture systems for SSCs from 
different species. 





Figure 1 Schematic of pSSC isolation and culture 


Testes harvested from male porcine were enzymatically digested and sorted, and the purified pSSCs were plated on feeders or maintained with 3D 


matrix gel for in vitro culture. 


Traditional selective breeding methods in animals are 
limited by the low efficiency of species source and cell 
screening. The birth and development of gene editing 
technologies have broken this technical barrier, and allowed 
for improvements in livestock and poultry production, including 
growth and development, meat quality, and disease resistance 
(Hampton, 2017). Typically, gene editing technology can 
greatly shorten the time required to construct modern pig 
breeding and disease models, which should increase the 
relevance of porcine models in agricultural science and 
biomedical research (Whitworth & Prather, 2017). Recently 
developed DNA targeting endonuclease technologies, 
including ZFN (Zinc-finger nucleases), TALEN (transcription 
activator-like effector nucleases), and CRISPR (clustered 
regularly interspaced short palindromic repeats) -Cas9, have 
enabled researchers to specifically edit any chromosomal 
sequence for genetic operation. For the above three gene 
editing approaches, the cell initiates an endogenous 
mechanism to repair the site cleaved by nucleases or Cas9, 
with a mutation, deletion, or insertion introduced during the 
repair process; furthermore, a homologous recombination 
mechanism can be induced in the presence of a homologous 
sequence in the cell to obtain a specific fixed point for 


mutation, deletion, or insertion (Polejaeva et al., 2000). In 
recent years, these technologies have been widely used in 
gene function research and genetically modified breeding (Li 
et al., 2016; Luo et al., 2014; Proudfoot et al., 2015), disease 
resistance breeding (Wu et al., 2015), biological disease 
model establishment (Whitworth et al., 2014), and other 
biological research. For example, Zhao et al. (2016) applied 
TALEN and CRISPR-Cas9 technology to humanize pig insulin 
by replacing the nucleotides that encode the one amino acid 
that differs between porcine and human insulin. As such, they 
successfully obtained gene-edited cloned pigs that expressed 
human insulin using somatic cell nuclear transfer (SCNT), 
thus providing the basis for the mass production of human 
insulin and treatment of diabetes. In addition, Park et al. 
(2017c) used CRISPR/Cas9 technology combined with SCNT 
technology to prepare Nanos2 mutant large white pigs, which 
may serve as a potential model for pSSC transplantation. 
Thus, genetically modified breeding has opened up a whole 
new field. With the development of gene editing technology, its 
application in livestock breeding such as that of pigs, cattle, 
and sheep is increasing, especially to improve the traits of 
species with no stem cell lines currently available (Park et al., 
2017c). A recent study reported that knockout of the MSTN 
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(myostatin) gene in pigs using ZFN technology can 
significantly increase skeletal muscle fibers and lean meat 
mass (Zou et al., 2015). Polyunsaturated fatty acids (such as 
n-3 PUFAs), which are important nutritionally, can also exhibit 
anti-inflammatory and anti-coagulation activity as well as 
alleviate cardio-cerebral vascular diseases and influence 
immune regulation to improve atherosclerosis status (Belluzzi, 
2004; Weber et al., 2006). However, under natural conditions, 
PUFAs are only found in a few plants and seafood, with very 
low yield. The cbr-fat-1 gene derived from Caenorhabditis 
elegans encodes n-3 PUFAs and catalyzes the formation of n- 
3 PUFAs from n-6 PUFAs. Based on this principle, Zhou et al. 
(2014a) constructed a transgenic pig that highly expressed 
cbr-fat-1, thus laying the foundation for the production of pork 
rich in n-3 PUFAs. In short, the application of gene editing 
technology has greatly shortened the breeding period and 
increased the potential of pigs and other livestock in 
agricultural production. 

In addition to gene editing methods based on SCNT or 
embryonic operation, germline transmission is an alternative 
strategy. Production of genetically modified spermatozoa 
could enhance the efficiency of transgenic pig production, 
although technical obstacles continue to impede the 
application of pSSC transplantation in animal cloning. 
Recently, however, some remarkable achievements have 
been made. Increased efficiency of gene delivery in pSSCs 
may eliminate one of barricades to livestock transgenic 
operation, which has hampered the development of animal 
cloning for many years (Kim et al., 2019; Park et al., 2019). 
Success in cryopreservation of pSSCs has also facilitated the 
application of porcine cloning using pSSCs (Lee et al., 2014). 
Genetically edited pSSCs with a purity higher than 90% have 
been obtained recently using TALEN (Tang et al., 2018). 
Furthermore, the busulfan-induced SSC recipient model has 
been established in porcine (Lin et al., 2017). Such progress 
indicates that the essential conditions for pSSC editing and 
transplantation are ready, and we believe that gene-edited 
pigs derived from pSSCs will be generated soon. 

Continued advances in pSSC research will be reported in 
the next decade as the considerable advantages of pSSCs 
are recognized by researchers. We look forward to the 
development of a rapid and stable protocol for the 
establishment of pSSCs and their application in transgenic 
operation. We believe this achievement will benefit many 
fields, including biomedical research, regenerative 
medicine, and agricultural research and production, in the 
near future. 
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ABSTRACT 


Stem cell therapy (SCT) for Parkinson's disease 
(PD) has received considerable attention in recent 
years. Non-human primate (NHP) models of PD 
have played an instrumental role in the safety and 
efficacy of emerging PD therapies and facilitated the 
translation of initiatives for human patients. NHP 
models of PD include primates with 1-methyl-4- 
phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) -induced 
parkinsonism, who are responsive to dopamine 
replacement therapies, similar to human PD 
patients. Extensive research in SCT has been 
conducted to better treat the progressive 
dopaminergic neurodegeneration that underlies PD. 
For effective application of SCT in PD, however, a 
number of basic parameters still need to be tested 
and optimized in NHP models, including preparation 
and storage of cells for engraftment, methods of 
transplantation, choice of target sites, and timelines 
for recovery. In this review, we discuss the current 
status of NHP models of PD in stem cell research. 
We also analyze the advances and remaining 
challenges for successful clinical translation of SCT 
for this persistent disease. 
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INTRODUCTION 


Parkinson's disease (PD) is a common neurodegenerative 
disorder that results from progressive loss of dopaminergic 
(DA) neurons in the substantia nigra of the midbrain. This loss 
is associated with characteristic motor dysfunction, including 
bradykinesia, rigidity, and rest tremor. The molecular hallmark 
of PD is the presence of Lewy bodies (LBs) composed of the 
alpha-synuclein (a-syn) protein in the substantia nigra and 
cortical regions of the brain (Dauer & Przedborski, 2003). 
Treatment with the dopamine precursor levodopa can improve 
symptoms, but does not prevent DA neuron destruction (Kim 
et al., 2002). Although no cure is currently available, cell- 
based therapy (CBT) (in which cellular material, usually intact, 
living cells such as T cells capable of fighting cancer via cell- 
mediated immunity, is injected into the patient during 
immunotherapy) is considered one of the most promising 
methods for eradicating PD (Sonntag et al., 2018). Currently, 
stem cells are among the best cell sources for CBT. 

Pioneering studies on the application of CBT in rodent 
models provided invaluable information on neuronal survival, 
migration, and post-grafting integration (Kim et al., 2013). 
Nevertheless, clinical translation of CBT for PD requires 
further investigation and evaluation in different species. 
Experiments in NHP models are ideally suited for such 
exceptional and invasive brain therapy (Didier et al., 2016). 

Stem cells have the capacity to proliferate and differentiate 
into multiple cellular lineages, offering an enormous pool of 
resources for therapeutic applications such as autologous 
stem cell transplants (Drouin-Ouellet, 2014). Using stem cells 
to treat neurodegenerative diseases has become an area of 
intense interest. Current clinical applications of stem cells 
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have targeted Alzheimer's disease (Kwak et al., 2018), PD 
(Parmar, 2018), amyotrophic lateral sclerosis (Robinson, 
2018), and multiple sclerosis (Shirani & Stuve, 2018), and are 
predicted to increase in coming years. Furthermore, SCT has 
been proposed to counteract the characteristic massive loss 
in DA neurons observed in PD (Chiu & Hall, 2006). 

Since the first clinical trials in the late 1980s using fetal 
midbrain tissue to replace lost DA neurons, hundreds of 
patients worldwide have been subjected to neural fetal tissue 
grafting, with many showing long-term graft survival, good 
clinical outcomes, and physiological release of dopamine over 
decades (Barker et al., 2017). Furthermore, the derivation of 
human embryonic stem cells (hESCs) (Thomson et al., 1998) 
provided a new scalable cell source for stem cell therapy 
(SCT), which may potentially replace fetal tissue. However, 
the road to clinical application of these cells has proven to be 
long, involving a number of key steps such as gaining control 
over cell subtype differentiation, producing safe and 
efficacious cells, adhering to good manufacturing regulations, 
scaling-up production processes, and obtaining regulatory 
approval of the final cell products. 

Although CBT is the most promising treatment for a variety 
of neurodegenerative diseases, animal experiments remain 
limited. NHPs exhibit great similarity to humans in regard to 
genetics, brain/cognitive function and development, organs, 
metabolism, and drug susceptibility (Zhang et al., 2014). 
Therefore, experimental results from NHP-based studies are 
critical and convincing. 

Since the early 1980s, scientists have relied on NHP 
models to assess the potential benefits of CBT for PD 
(Cowen, 1986). Compared to rodents, PD-relevant behavioral 
outcomes, such as fine motor skills, can be easily tested in 
NHPs (Camus et al., 2015). Clinically relevant behavioral 
parameters are critical for evaluating the efficacy of 
therapeutic strategies, such as the choice of intracerebral 
grafting targets (Bentlage et al., 1999; Kauhausen et al., 2015; 
Thompson et al., 2010). NHPs and humans show similar 
organization of the neo-striatum, with the caudate nucleus and 
putamen clearly delineated by white matter tracts of the 
internal capsule (Howson et al., 2019). In contrast, in rodents, 
the transecting white matter tracts of the internal capsule are 
broken into bundles (pencils of Willis) that perforate the entire 
striatum without presenting a distinct physical barrier for cell 
distribution (Coizet et al., 2017). Thus, NHP models have 
facilitated CBT progress toward clinical application. 

Humans and NHPs possess similar behavioral elements, 
physiology, anatomy, biochemistry, organ mechanisms, and 
immune functions (Vierboom et al., 2012). Therefore, NHP 
models enable the translation of therapy-focused research 
from small animals to humans. In particular, NHP models of 
human disease provide exceptional opportunities to advance 
SCT by addressing pertinent translational concerns 
associated with this research, including the application of 
autologous/allogeneic-induced pluripotent stem cell (iPSC)- 
derived cellular products, immune responsivity, clinical 
delivery techniques, and evaluation of candidate cell line 
profiles following transplantation (Wang et al., 2017; Wei et 
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al., 2016). Furthermore, NHP models offer unique possibilities 
to evaluate the complexity of the biochemical, physiological, 
behavioral, and imaging end points relevant to current human 
conditions (Koprich et al., 2017). 

Given the ethical concerns, expense of specialized 
equipment, and necessity of highly trained staff, the value of 
using NHPs must be carefully assessed. Well-designed and 
less resource-demanding studies in small animal models, 
such as rodents, are essential for ultimately translating NHP 
model research into human patient therapy. Each disease- 
specific research community should focus on developing 
relevant NHP models that advance the translation of stem cell 
research and therapy. 

In this review, we discuss the role of NHP models in 
developing SCT for PD, stem cell types that can be used for 
transplantation, and value of NHP studies in translating these 
therapies for clinical application. 


NHP MODELS OF PD FOR SCT RESEARCH 


Neurotoxin-induced models 

The most commonly used neurotoxins for generating models 
of PD are 6-hydroxydopamine (6-OHDA) and 1-methyl-4- 
phenyl-1 ,2,3,6-tetrahydropyridine (MPTP). 


6-OHDA models 

As a neurotoxic compound, 6-OHDA induces cell death via 
oxidative stress after uptake by the catecholamine transport 
system (Zhou & Cheng, 2019). 6-OHDA is commonly used in 
rodents as they are much less sensitive to MPTP compared 
with humans and NHPs. Although many researchers have 
reported that 6-OHDA can cause cell death in vivo (Bernstein 
et al., 2011; Tobdén-Velasco et al., 2013), several studies have 
found no markers of cell death upon treatment with this 
compound (Kostrzewa, 2000), suggesting possible phenotype 
loss. In the application of 6-OHDA for PD model development, 
the severity of the resulting disease depends on the number, 
size, and location (e.g., striatum, substantia nigra, or medial 
forebrain bundle) of 6-OHDA injections (Emborg, 2004). 
Eslamboli et al. (2003) applied nine striatal injections of 6- 
OHDA to model PD in common marmoset monkeys; however, 
due to the spontaneous recovery of symptoms 10 weeks after 
surgery, Eslamboli et al. (2005) developed a new model using 
18 unilateral intrastriatal injections. 

One drawback of the above model is the numerous 
intracerebral needle passages necessary for appropriate 6- 
OHDA distribution to decrease the extent of spontaneous 
recovery (Santana et al., 2015). As with other stereotaxic 
procedures, this model requires surgical settings and trained 
personnel to perform brain surgery and provide recovery care. 


MPTP models 

Administration of MPTP is a classic method for generating PD 
due to the selective toxicity of this chemical toward DA 
neurons (Jiang & Dickson, 2018; Lei et al., 2016; Li et al., 
2015a; Su et al., 2015). It is historically important in animal 
models of PD and provides utility to test certain CBT 


parameters. After crossing the blood-brain barrier, MPTP is 
transformed by monoamine oxidase B into its active 
metabolite, 1-methyl-4-phenylpyridinium ion (MPP+), which is 
then carried by dopamine transporters into DA neurons of the 
substantia nigra pars compacta (SNpc), where the compound 
blocks mitochondrial complex | activity (Huang et al., 2018). 
Although it has limitations, MPTP treatment is the current 
standard in NHPs. The discovery of this mechanism of action 
in the 1990s paved the way for subsequent studies exploring 
mitochondrial function in PD and provided a prominent animal 
model of the disease (Emborg, 2017). 


Pesticide/herbicide-induced modelsParaquat models 

Paraquat is an important member of the bipyridylium family of 
broad-spectrum herbicides and is commonly used to control 
pests in important crops such as soybeans, sorghum, sugar 
cane, cotton, and corn. It interferes with photosynthetic 
electron transport and reduces oxygen to superoxide free 
radicals, leading to membrane rupture and leaf desiccation 
(Sarwar et al., 2015). Many countries have already banned 
paraquat due to its acute pulmonary and cutaneous toxicity or 
established restricted-use measures, such as limited 
concentrations of the active ingredient in formulated products 
and manipulation by licensed mixers and ground applicators 
only (Kuo & Yu, 1991). In experimental models, paraquat has 
been linked to the production of reactive oxygen species 
(ROS), oxidative stress, and aggregation of a-syn proteins in 
DA neurons (Kuter et al., 2007, 2010). However, the 
mechanism used by paraquat to access DA neurons is not yet 
fully understood (Vaccari et al., 2017; Zhou et al., 2017). 


Rotenone models 

As a mitochondrial toxin, rotenone can produce dose- 
dependent systemic toxicity and mortality (Sanders & 
Greenamyre, 2013). Following delivery of this compound (via 
osmotic minipump), a proportion of animals becomes 
parkinsonian, with different degrees of nigrostriatal lesions 
(Perier et al., 2003). Furthermore, rotenone (2-3 mg/kg/day) is 
reported to elicit selective nigrostriatal degeneration, generally 
without nonspecific lesions (Trigo et al., 2018). For example, 
Cicchetti et al. (2010) found that rotenone caused severe 
digestive issues, with an enlarged stomach full of undigested 
food, following systemic application. Although it was not 
recognized as such, this may have been the first indication 
that rotenone can reproduce the lesser-known gastrointestinal 
symptoms of PD, such as gastroparesis (Johnson et al., 
2018). Indeed, Bové & Perier (2012) reported that rotenone 
accurately recapitulates the pathological and functional 
features of parkinsonian gastrointestinal impairment. 

Although the reasons for the discrepancies between 
research results are uncertain, recent refinements of the 
rotenone model have made it more reproducible and reduced 
the number of nonspecific toxicities. Smirnova et al. (2016) 
demonstrated that withdrawal of rotenone led to counter- 
regulation of mir-7 and the ASS1, CTH, and SHTM2 genes, 
suggesting a possible role of these genes in direct cellular 
responses to this toxicant and the suitability of the model at 


addressing the processes of resilience and recovery in 
neurotoxicology and PD. Furthermore, Cimdins et al. (2019) 
used rotenone, as a potent complex I-specific mitochondrial 
inhibitor, to determine the neuroprotective effects of APP and 
sAPPa in vitro, in neuronal cell lines over-expressing APP, 
and in a retinal neuronal rotenone toxicity mouse model in 
vivo. Overall, it is difficult to effectively model all aspects of a 
complex, age-related human disease such as PD in rats. 
Even genetically accurate models of PD have met limited 
success in replicating key behavioral and pathological 
features of the disease. Nevertheless, a great deal has been 
learned—and remains to be discovered—about the pathogenic 
mechanisms of PD using rotenone models of the disease. 


Genetically engineered models 

Genetic NHP PD models have been generated previously by 
intracerebral injection of viral vectors encoding mutant a-syn 
or administration of LB extracts (Marmion & Kordower, 2018). 
Nigral overexpression of human wild type or mutant A53T a- 
syn, induced by adeno-associated viral (AAV) vectors, has 
been shown to induce PD-like motor symptoms, significant 
nigral DA cell loss, and a-syn aggregates in common 
marmoset monkeys (Eslamboli et al., 2007; Kirik et al., 2003). 
AAV and lentiviral vectors encoding A53T a-syn have also 
been used in cynomolgus (Koprich et al., 2016) and rhesus 
monkeys (Yang et al., 2015). In both studies, expression of 
A53T a-syn led to nigral cell loss and a-syn accumulation and 
aggregation, though without behavioral changes. 
Furthermore, while AAV-induced overexpression of A53T a- 
syn and parkin, another PD-implicated protein, in cynomolgus 
monkeys led to a decrease in striatal DA markers and a-syn 
accumulation and phosphorylation, no PD motor symptoms 
were observed (Recasens et al., 2014). Notably, nigral 
injection of AAV expressing short hairpin RNA (shRNA) to 
knock down a-syn in vervet monkeys induced a region- 
specific decrease in tyrosine hydroxylase (TH)-positive nigral 
cell number and striatal innervation compared to animals that 
received scrambled shRNA, although no behavioral changes 
were reported (Collier et al., 2016). Intracerebral inoculation 
with a-syn fibrils has been extensively used in rodents, but not 
yet in monkeys (Luk et al., 2012; Paumier et al., 2015). On the 
other hand, cadaveric Lewy body extracts have been injected 
into the striatum and nigra of cynomolgus monkeys with and 
without previous treatment with MPTP (Recasens et al., 
2014), which induced a variable decrease in striatal and nigral 
DA markers and an increase in a-syn expression, but no PD 
motor symptoms. It should be noted that, with the exception of 
AAV-mediated a-syn studies in marmosets, all investigations 
on genetically produced models have been performed using 
only a few subjects. Therefore, further characterization and 
validation of such models is necessary before they can be 
used as robust testing platforms for SCT. 

Transgenic NHP models induced by injection of NHP 
oocytes with lentiviral vectors encoding PD-relevant proteins 
with mutations of interest have emerged in recent years. For 
example, transgenic rhesus monkeys overexpressing mutant 
A53T a-syn have been reported (Niu et al., 2015), with some 
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behavioral deficits observed at 1.5-2.5 years of age. New 
technologies such as CRISPR/Cas9-genomic editing also 
present an opportunity to generate NHP models with PD- 
associated mutations expressed at physiological levels, which 
may help clarify the mechanism of disease onset, including 
the development of motor and non-motor symptoms 
(Handschel et al., 2011; Luol et al., 2016). These novel NHP 
models may provide clues to better understand a-syn-related 
disorders and enable the development of SCT to treat them. 


STEM CELLS AS SOURCES FOR CBT 


Embryonic stem cells 

Embryonic stem cells (ESCs) have attracted considerable 
attention as an alternative source for the generation of DA 
neurons. Handschel et al. (2011) described a technique for 
culturing ESCs in the absence of artificial scaffolds, which 
generated mineralized micromasses. This technique made it 
possible for ESCs to proliferate, which is a prerequisite for 
CBT. Due to their pluripotency and highly proliferative 
properties, ESCs can give rise to any type of cell in the body, 
including DA neurons (Thomson et al., 1998), which can be 
produced in sufficient numbers for transplantation therapy. 
ESCs are associated with the risk of tumorigenesis due to 
genomic instability in culture (Zhao et al., 2015), even if the 
cells appear to fully differentiate into DA neurons in vitro 
before transplantation (Luk et al., 2012). Myocyte enhancer 
factor 2 (MEF2C) directs the differentiation of mouse ESC- 
derived neural precursors into neurons (Skerjanc & Wilton, 
2000). Furthermore, MEF2C confines hESCs to the neuronal 
lineage, which can be used to generate neurons and avoid 
tumor formation for use in SCT (Eslamboli et al., 2005). 
Human and rodent ESC-derived DA neurons have been 
shown to survive transplantation into the striatum of 
parkinsonian NHPs and generate a degree of functional 
recovery (Hayashi et al., 2013). 

Nevertheless, studies have shown that the survival of ESC- 
derived DA neurons post transplantation is relatively low. Li et 
al. (2017) demonstrated that hESCs differentiated into DA 
neurons when co-cultured with PA6 cells, with almost 92% of 
hESC colonies containing cells positive for TH, a critical 
catecholaminergic enzyme, after three weeks of differentiation. 

Two potential drawbacks may limit the therapeutic 
application of ESCs. First, the generation of hESCs requires 
fertilized eggs from donors and the destruction of early 
embryos, which raises a plethora of ethical and legal 
concerns. Second, hESC-derived grafts are allogeneic to 
recipient patients, thus making immuno-suppressive regimens 
necessary (Leng & Tian, 2016). Despite these limitations, 
hESCs are currently the "gold standard" of SCT for PD, and 
hESC-derived midbrain DA (mDA) neurons are currently being 
developed for clinical trials in the USA and Europe (Kern et 
al., 2018; Weick et al., 2011). Chinese scientists have also 
initiated clinical trials of ESC-based therapy for PD 
(Cyranoski, 2017). 
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Induced pluripotent stem cells (iPSCs) 

iPSCs are adult somatic cells that are converted into 
pluripotent cells via the introduction of specific transcription 
factors found in normal PSCs. The cells can be differentiated 
into most somatic cell types and are self-renewable (Zhang et 
al., 2019). As recently as five years ago, direct therapeutic 
treatment of PD through transplantation of iPSCs was not 
feasible. Transplantation faced many problems such as low 
efficiency, virus requirements, and teratoma development (Li 
et al., 2015b). Attempts to use xenogeneic materials resulted 
in contamination by animal-source pathogens, which can 
cause an immune response after transplantation in humans 
(Bergstrom et al., 2011). However, researchers have since 
developed a xeno-free medium alongside a feeder-free 
culture system and cre-mediated excision of reprogramming 
factors to obtain transgene-free iPSCs with improved 
efficiency (0.15%—-0.3%) (Lu et al., 2014). Although more 
testing is needed, especially in animal models, these results 
suggest that iPSCs are more viable than previously thought 
from an efficacy standpoint (Li et al., 2015b). 

Recent progress in clinical treatment shows promise in 
animal models of PD. For example, Han et al. (2015) found 
that human iPSCs_ transplanted into 6-OHDA-induced 
parkinsonian rats improved functional "rotational asymmetry" 
defects several weeks after transplantation. In another study, 
iPSC-derived DA neurons were transplanted into parkinsonian 
cynomolgus monkeys and survived for two years over the 
length of the study; in addition, the transplanted DA neurons 
reinnervated the host brains, grew into the putamen, and 
showed long-term viability (Hallett et al., 2015). Although the 
results were only positive for one of the three tested monkeys, 
the study demonstrated that iPSC-derived DA neurons can be 
used for transplantation with long-term improvement in motor 
function without immunosuppression (Hallett et al., 2015). 

Kikuchi et al. (2017) transplanted neurons derived from 
iPSCs into NHP brains and found that symptoms improved 
significantly after two years of tracking the monkeys. Morizane 
et al. (2017) also transplanted grafted DA neurons induced by 
cynomolgus iPSCs into allogeneic NHP PD models. Different 
from Kikuchi et al. (2017), who used FK506 (immune inhibitor) 
to reduce immune rejection, Morizane et al. (2017) used major 
histocompatibility complex (MHC) -matched allogeneic neural 
cell grafting in the brain, which is considered a less immune- 
responsive tissue, using iPSCs_ derived from MHC 
homozygous cynomolgus macaques. Furthermore, 
immunohistological analyses revealed that MHC-matching 
reduced the immune response by suppressing the 
accumulation of microglia (lba-1+) and lymphocytes (CD45+) 
in the grafts (Morizane et al., 2017). These studies have made 
great contributions to cell transplantation. 


Mesenchymal stem cells 

Therapeutic stem cell studies have often utilized multipotent 
mesenchymal stem cells (MSCs) rather than ESCs, the use of 
which poses ethical concerns. Bone marrow, umbilical cord 
blood, and adult adipose-derived stromal tissue have been 
used as sources of MSCs for autologous grafts (Fallahi et al., 


2007; Park et al., 2015). 

Using human umbilical MSCs, Wang et al. (2011) showed 
the potential of this approach for PD treatment. Specifically, 
human MSCs isolated from Wharton's jelly of the umbilical 
cord were induced to transform into DA neurons in vitro 
through stepwise culturing in neuron-conditioned medium, 
resulting in a 12.7% success rate, as characterized by positive 
staining for TH and dopamine released into the culture 
medium. When these cells were transplanted into the striatum 
of parkinsonian rats (induced by unilateral striatal lesioning 
with 6-OHDA), the transplantation partially corrected lesion- 
induced amphetamine-induced rotation, with the cells showing 
viability for at least four months. Furthermore, Wang (2011) 
also found MSCs showed protective effects on progressive DA 
neural loss in vitro and in vivo. Treatment decreased MG-132- 
induced DA neuronal loss with a significant reduction in 
caspase-3 activity. Subsequently, application of hMSCs in MG- 
132-treated rats dramatically reduced the decline in the 
number of TH-immunoreactive cells, with an almost 50% 
increase in the survival of these cells in the substantia nigra 
(Wang et al., 2011). Furthermore, hMSC treatment 
significantly decreased OX-6 immunoreactivity and caspase-3 
activity (Park et al., 2015). While MSC transplantation may be 
effective in modulating the immune response in 
neurodegenerative diseases, it is highly unlikely that MSC- 
derived neurons will ever be used for cell replacement therapy 
(Xu et al, 2012). Treatment with MSCs suppresses 
autoimmunity and restores salivary gland secretory function in 
both mouse models and Sjogren syndrome patients (Xu et al., 
2012). MSC treatment directs T cells toward Treg and Th2, 
while suppressing Th17 and Tfh responses, and can alleviate 
disease symptoms (Xu et al., 2012). Collectively, the 
immunological regulatory functions of MSCs play an important 
role in Sjogren syndrome pathogenesis, and allogeneic MSC 
treatment may provide a novel, effective, and safe therapy for 
patients with this syndrome. 


Neural stem cells 
Neural stem cells (NSCs) are multipotent cells capable of 
differentiating into both neurons and glial cells. By using a 
monkey model, a group reported that the engrafted newborn 
neurons could functionally integrate into the host neuronal 
network, and this had proved that transplantation of NSCs 
may be a valid way for curing brain injuries (Wang et al., 2017; 
Wei et al., 2017). There are two ways to obtain human NSCs 
(hNSCs), i.e., directly from the brain (Abe et al., 2016) and 
differentiated from other cells, including stem (Kim et al., 
2004) and somatic cells (Ai et al., 2016). Bjugstad et al. 
(2005) transplanted hNSCs into the caudate and substantia 
nigra of MPTP-induced PD monkeys and concluded that 
hNSCs may be beneficial for maintaining a normal 
environment. Their research group also analyzed the 
differentiation and migration ratio of hNSCs transplanted into 
the body (Bjugstad et al., 2008; Kern et al., 2011). These 
studies provide an important basis for the clinical application 
of hNSCs. 

Recent studies have indicated that certain NSCs persist in 


the adult nervous system and are capable of regenerating 
new neurons (Bacigaluppi et al., 2016; L'episcopo et al., 
2018). Compared with pluripotent stem cells, multipotent 
NSCs exhibit higher cellular survival rates and lower risk of 
teratoma formation (Pardal & Barneo, 2012). In addition to the 
fetal isolation of NSCs, these cells can be obtained from areas 
of the adult brain, including the subventricular zone, 
subgranular zone, and hippocampus (Wang et al., 2012). 
Acquisition of NSCs from non-fetal sources avoids the ethical 
issues associated with the use of ESCs. Because NSCs can 
self-renew and differentiate into many types of neurons, 
including those that are dysfunctional in neurodegenerative 
diseases, their potential use in the treatment of patients with 
PD is promising (Choi et al., 2017). 


FUTURE 
RESEARCH 


DIRECTIONS OF NHP-ENABLED SCT 


NHPs are similar to humans in size, behavior, physiology, 
biochemistry, and immune functions (Vierboom et al., 2012; 
Zhang et al., 2014). Due to their many advantages, NHP 
models of PD can compensate for the deficiencies in SCT 
clinical trials of PD and provide vital information unavailable 
from rodent models, such as cellular migration, survival, and 
differentiation after transplantation, choice of target sites, and 
timelines of recovery (Vermilyea & Emborg, 2018). To date, 
however, all NHP-based studies on CBT for PD have been 
performed in neurotoxin-induced PD models. Validating state- 
of-the-art, recently available genetic models are anticipated to 
facilitate the development of SCT for PD and its clinical 
translation. 

Different types of stem cells, including ESCs, NSCs, MSCs, 
and iPSCs, can be used for specific cellular therapeutic 
approaches. Multiple factors can differentiate these cells into 
DA neurons, which can be used to replace damaged neurons 
in PD patients. Methods for inducing differentiation depend 
upon the type of stem cell. Furthermore, risks such as tumor 
formation remain after transferring DA cells into PD patients. 
ESCs and iPSCs have advantages over the other two stem 
cell types. For example, ESCs remain highly proliferative in 
vivo and can survive and generate DA neurons after 
transplantation. In turn, iPSCs can generate unlimited, PD 
patient-specific cells, and produce a degree of functional host 
recovery after transplantation (Morizane et al., 2017). 

Graft distribution could also benefit from NHP-based studies 
and noninvasive imaging approaches. For example, Silvestrini 
et al. (2015) used real-time intraoperative magnetic resonance 
imaging (MRI) to monitor cell transplantation into a swine and 
cadaveric human head for possible application in the human 
brain. Furthermore, Malloy et al. (2017) used an MRI- 
compatible delivery system to monitor the distribution of cells 
pre-labeled with a contrast agent into the basal ganglia of a 
baboon. These new MRI-based imaging methods can 
increase the safety and accuracy of grafting procedures and 
facilitate the evaluation of different target sites. 

In addition to the challenges mentioned above, many 
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questions remain to be answered in order to improve effective 
SCT for PD. For example, the influence of cell preparation and 
storage on engraftment, method of transplantation, choice of 
target sites, and timelines of recovery are basic parameters 
that still require evaluation in NHP models to improve SCT for 
PD and its translation into clinical treatment. 
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ABSTRACT 


We provide an integrative taxonomic analysis of the 
Lipinia vittigera species complex from mainland 
Southeast Asia. Based on examination of external 
morphology, color pattern, and 681 base pairs of the 
cytochrome oxidase subunit | (CO/) mitochondrial 
gene, we demonstrate the presence of four 
morphologically distinct lineages of Lipinia in 
Vietnam, Cambodia, Thailand, and Malaysia, 
showing a sequence divergence ranging 15.5% — 
20.4%. All discovered lineages are discretely 
diagnosable from one another by a combination of 
scalation traits and color patterns. A review of the 
published distribution data and a re-examination of 
available type material revealed the following 
results: (1) distribution of L. vittigera (Boulenger, 
1894) sensu stricto is restricted to Sundaland and 
the Thai-Malay Peninsula south of the Isthmus of 
Kra; (2) L. microcercus (Boettger, 1901) stat. nov. is 
elevated to full species rank; the species has a wide 
distribution from central and southern Vietnam 
across Cambodia to eastern Thailand; we regard 
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Lygosoma vittigerum kronfanum Smith, 1922 and 
Leiolopisma pranensis Cochran, 1930 as its junior 
synonyms; (3) Lipinia trivittata sp. nov. occurs in 
hilly areas of southern Vietnam, Cambodia, and 
eastern Thailand; and (4) Lipinia vassilievi sp. nov. 
is currently known only from a narrow area along the 
Vietnamese-Cambodian border in the foothills of the 
central Annamite Mountain Range. We further 
provide an identification key for Lipinia occurring in 
mainland Southeast Asia. 


Keywords: Lipinia microcercus stat. nov.; Lipinia 
trivittata sp. nov.; Lipinia vassilievi sp. nov.; 
Vietnam; Thailand; Cambodia; Biogeography; 
mtDNA; CO/l-barcoding 


INTRODUCTION 


The scincid genus Lipinia Gray, 1845 is an assemblage of 
arboreal and terrestrial lizards currently comprising at least 29 
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valid species (Grismer et al., 2016; Uetz & HoSek, 2019). 
Many species of Lipinia were originally described as members 
of the genus Lygosoma Hardwicke and Gray, 1827. The 
genus was revived from its synonymy by Mittleman (1952). 
Lipinia skinks inhabit a large area from the Andaman and 
Nicobar Islands of India in the northwest, Mentawai and 
Sumatra Islands of Indonesia, eastward through Indochina 
and the Malay Peninsula to Borneo, the Philippines, 
numerous islands of the Indo-Australian Archipelago to New 
Guinea, and further eastwards throughout much of the South 
Pacific, including the archipelagos of Palau, Fiji, Samoa, and 
French Polynesia (Adler et al., 1995; Grismer et al., 2016; 
Gunther, 2000; Linkem, 2013). Lipinia records east of 
Vanuatu have been suggested to be the result of 
anthropogenic introduction (Austin, 1999). Despite their 
significant diversity in Australasia, a biogeographic origin of 
the genus in Southeast Asia or the Philippines has been 
suggested (Austin, 1998). 

Members of the genus Lipinia are characterized by the 
following combination of natural history traits and 
morphological characters: diurnal, arboreal, semi-arboreal, or 
secretive terrestrial lifestyle; small body size (snout vent 
length (SVL) to 58 mm); lower eyelid generally with 
transparent window (absent in some taxa); auricular lobules 
absent; body scales smooth; basal subdigital lamellae usually 
expanded; postorbital absent; vomers fused; pterygoid teeth 
absent; dorsal color pattern typically pale (rarely dark) 
middorsal stripe anteriorly (lacking in some taxa) (Das & 
Austin, 2007; Das & Greer, 2002; Grismer, 2011a, 2011b). 
Despite the overall morphological similarity, recent study has 
shown Lipinia to be a widely polyphyletic assemblage within 
the scincid tribe Sphenomorphini (Grismer et al., 2016; 
Linkem, 2013), and a stable phylogenetic hypothesis for 
Lipinia is still lacking. 

In mainland Southeast Asia, Lipinia skinks occur widely in 
central to southern Indochina from easternmost Myanmar and 
northern Thailand southwards to southern Laos, central and 
southern Vietnam, Cambodia, and further southwards to the 
Thai-Malay Peninsula and Singapore (Figure 1). Boulenger 
(1894) described Lygosoma vittigerum from Mentawai (or 
Mentawei) Archipelago near the western coast of Sumatra, 
Indonesia. Shortly after, Boettger (1901) described Lygosoma 
(Leiolopisma) microcercum from Phuoc Son in Annam (now in 
Quang Nam Province, central Vietnam), noting that the new 
species appeared to be close to L. vulcania and L. pulchella 
from the Philippines. Annandale (1905) recorded a brightly 
colored tree-dwelling skink from Tavoy, Tenasserim (now 
Dawei, Tanintharyi Region, Myanmar) and identified it as 
Lygosoma pulchellum. Later, Smith (1922) described a new 
subspecies of Boulenger's Lygosoma vittigerum from Daban 
near Langbian in southern Vietnam as Lygosoma vittigerum 
kronfanum. Furthermore, Smith (1922) reported that this form 
also occurred in peninsular Siam (now Thailand) and differed 
from the nominate subspecies from the Mentawai Islands both 
in scalation and coloration pattern; among other characters, 
the main difference to the mainland form was the presence of 
five distinct light stripes on the dorsum and flank, instead of 


one prominent vertebral light stripe in the nominate form. 
However, Smith (1922, p. 209) noted certain geographic 
variation in this character and reported a juvenile specimen 
from northern Siam (now Thailand) with three dorsal light 
stripes and predicted that " ...further collections from this 
region may establish a race with 3 light stripes only". Soon 
after, Cochran (1930) analyzed the herpetological collections 
from Siam and described a new species of the genus 
Leiolopisma Duméril & Bibron from Pran (now Pran-Buri, 
Prachuap Khiri Khan, Thailand) and Doi Angka (Chiang Mai, 
Thailand)—L. pranensis, noting its affinity to L. vittigerum, to 
which it differed in midbody scale row count, number of 
subdigital lamellae, and distinct coloration. 

Subsequently, in his review of lizards of British India and 
adjacent territories, Smith (1935) also assigned L. vittigerum 
to the genus Leiolopisma, and listed two subspecies: L. v. 
vittigerum in Tenasserim, northern, western, and southern 
Siam (Thailand), and the Malay Peninsula (including L. 
pranensis as a synonym without any justification for this 
decision), and L. v. microcercum in southern and central 
Annam (thus formally recognizing synonymy of his kronfanum 
with microcercum of Boettger, 1901). The two-subspecies 
taxonomy of Smith (1922, 1930, 1935) was well established 
for almost a century without any significant changes, with 
Indonesian, Malayan, and south-Thai populations traditionally 
assigned to the subspecies L. v. vittigerum (Boulenger, 1894), 
and Indochinese populations assigned to L. v. microcercum 
(Boettger, 1901) (note: after resurrection of the genus Lipinia 
by Mittleman, 1952, the gender of species names should be 
modified as L. v. vittigera and L. v. microcercus; for details see 
Etymology sections of respective species). However, the 
border between the ranges of the two forms and their 
evolutionary relationships remained unclear. Stuart (1999) 
mentioned the presence of distinct morphs of Lipinia in 
southern Laos. Recently, Grimser (2011b) reported on 
morphologically distinct types of L. vittigera in the Malay 
Peninsula and its offshore islands. More recently, Grismer et 
al. (2016) provided a preliminary phylogenetic tree for Lipinia, 
which included three specimens of L. vittigera from the Malay 
Peninsula and Indochina, each represented by a significantly 
divergent mtDNA lineage. However, the taxonomic value of 
these differences was not clear. 

During our herpetological surveys in eastern Indochina over 
the last decade, we encountered a number of skink 
specimens tentatively identified as L. v. cf. microcercus. 
However, these specimens showed significant variation in 
scalation characters and body coloration, with three main 
color morphs recorded: i. e., (1) five-striped with narrow 
vertebral stripe; (2) three-striped with wide vertebral stripe; 
and (3) spotted with wide vertebral stripe. These forms were 
all found in close geographic proximity but not in sympatry 
(Figure 1), indicating that our knowledge of the taxonomy of 
Lipinia skinks in Indochina is far from complete. In the present 
paper, we provide descriptions of the available type material 
of the L. vittigera species complex and apply integrative 
approaches, including morphological and _ chromatical 
analyses together with CO/ DNA-barcoding, to assess the 
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Figure 1 Map of Indochina, showing known distribution of the genus Lipinia and survey localities 

Colors of localities correspond to those used in Figure 3. For voucher specimen information see Supplementary Table S1 and Appendix I. Dot in 
center of an icon corresponds to the type locality of a taxon. Black circles correspond to known localities of Lipinia vittigera sensu lato in Indochina 
without exact species identification; distribution records are taken from the following literature: Bobrov & Semenov, 2008; Grismer, 2011b; Mulcahy 
et al., 2018; Nguyen et al., 2009; Stuart et al., 2006, 2010; Taylor, 1963; Teynié et al., 2004. Localities: Lipinia vittigera: 1: Mentawai Isl., West 
Sumatra, Indonesia (type locality of Lygosoma vittigerum Boulenger, 1894); 2: Penang Isl., Penang, Malaysia; 3: Thailand, Surat Thani, Phanom 
Dist.; Lipinia microcercus stat. nov.: 4: Pran Buri, Prachuap Khiri Khan, Thailand (type locality of Leiolopisma pranensis Cochran, 1930); 5: Doi 
Angka, Chiang Mai, Thailand (origin of paratype of Leiolopisma pranensis Cochran, 1930); 6: Phuoc Son, Quang Nam, Vietnam (type locality of 
Lygosoma microcercum Boettger, 1901); 7: Buon Luoi, Gia Lai, Vietnam; 8: Kon Ka Kinh NP, Gia Lai, Vietnam; 9: Yok Don NP, Dak Lak, Vietnam; 
10: Daban, Langbian, Lam Dong, Vietnam (type locality of Lygosoma vittigerum kronfanum Smith, 1922); 11: Bao Loc, Lam Dong, Vietnam; 12: Cat 
Loc NR, Lam Dong, Vietnam; 13: Cat Tien NP, Dong Nai, Vietnam; 14: Ma Da (Vinh Cuu), Dong Nai, Vietnam; 15: Lo Go-Xa Mat NP, Tay Ninh, 
Vietnam; 16: Kirirom NP, Kampong Speu, Cambodia; 17: Phnom Kulen NP, Siem Reap, Cambodia; Lipinia vassilievi sp. nov.: 18: Chu Mom Ray, 
Kon Tum, Vietnam (type locality); 19: Virachey NP, Ratanakiri, Cambodia; Lipinia trivittata sp. nov.: 20: Bu Gia Map NP, Binh Phuok, Vietnam; 
21: Chu Yang Sin NP, Dak Lak, Vietnam (type locality); 22: Loc Bao, Lam Dong, Vietnam; 23: Nui Cam Mt., An Giang, Vietnam; 24: Phu Quoc NP, 
Kien Giang, Vietnam; 25: Kulen Prum Tep NP, Preah Vihear, Cambodia; 26: Khao Soi Dao NP, Chanthaburi, Vietnam. 


taxonomy of this enigmatic group of skinks. N.A.P. and P.G.) and Cambodia (by P.G., T.H., and E.A.D.) 
from 2009 to 2017. Specimens of Lipinia spp. were collected 
MATERIALS AND METHODS on tree trunks, on buildings, or on the ground (while foraging) 
by hand or using a rod with a loose loop. Specimens were 
Sample collection euthanized by 20% benzocaine and muscle tissue samples 


Fieldwork was carried out in southern and central Vietnam (by were taken and stored in 96% ethanol for subsequent genetic 
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analysis. Specimens were subsequently preserved in 70% 
ethanol and deposited in the herpetological collections of the 
Zoological Museum of Moscow State University (ZMMU), 
Moscow, Russia, and the Zoologisches Forschungsmuseum 
Alexander Koenig (ZFMK), Bonn, Germany. Additionally, we 
isolated DNA from the ethanol-preserved specimens in ZMMU 
and ZFMK, resulting in 14 morphologically examined 
populations of L. cf. vittigera and 15 barcoded populations (25 
specimens in total). The morphologically and genetically 
examined populations are presented in Figure 1. 

All applicable international, national, and/or institutional 
guidelines for the care and use of animals were strictly 
followed; all animal collection protocols complied with the 
current laws of Vietnam, Cambodia, and Thailand. Specimen 
collection protocols and animal use were approved by the 
Institutional Ethical Committee of Animal Experimentation of 
the University of Phayao, Phayao, Thailand (certificate 
number UP-AE59-01-04-0022 issued to Chatmongkon 
Suwannapoom) and strictly complied with the ethical 
conditions of the Thailand Animal Welfare Act. 


Morphological data and analyses 
The following measurements were taken with digital vernier 
calipers (to the nearest 0.1 mm), following Bucklitsch et al. 
(2012), Das & Austin (2007), and Grismer et al. (2014): snout- 
vent length (SVL); tail (original or regenerated) length (TaL); 
trunk length (TrunkL), from posterior end of forelimb insertion 
to anterior part of hindlimb insertion, measured when 
stretched out; head length (HL), distance between posterior 
margin of parietal and snout-tip; head width (HW), measured 
across retroarticular process of mandibles; head height (HH), 
measured as greatest transverse depth of head, taken 
posterior of orbital region; snout length (SL), from anterior 
corner of eye to tip of snout; snout-tympanum length (STL), 
distance from snout tip to anterior border of tympanum; snout- 
forelimb length (SFIL), from tip of snout to anterior forelimb 
insertion, with limb held at right angles to body; eye-nostril 
distance (END), distance from anterior corner of eye to 
posterior border of nostril; horizontal eye length (EL), distance 
between anterior and posterior corners of eyelid; maximum 
diameter of tympanum (TYD); forelimb length (FLL), from 
anterior junction of forelimb and body wall to tip of fourth 
finger, with limb held at right angles to body; hind-limb length 
(HLL), from anterior junction of hind limb and body wall to tip 
of fourth toe, with limb held at right angles to body. 
Nomenclature of head scales follow Taylor (1935); among 
other meristic features of pholidosis, we examined the 
following characters, which showed variation in 
representatives of the L. vittigera species complex: 
frontonasal width greater than its length (FNW); prefrontals in 
contact or not (PFC); frontal in contact with which 
supraoculars (FSO); number of supraoculars (SOC); 
frontoparietal in contact with which supraoculars (FPS); 
number of nuchals (Ncl); number of supraciliaries (Scil); 
number of postsupraoculars (pretemporals) (PSPO); number 
of postsuboculars (PSBO); number of supralabials (SLab); 
number of supralabials immediately below eye (SLO); number 


of infralabials (ILab); number of midbody scale rows (MSR); 
number of middorsal (vertebral) scales (MdS); number of 
ventrals in transverse rows (Vent); number of enlarged 
precloacals (PrCl); number of subdigital lamellae on fourth 
finger (SDL4F); number of subdigital lamellae on fourth toe 
(SDL4T); and number of light stripes on dorsum and flanks 
(LStr). Nomenclature of body coloration included description 
of dark and light markings on body and head, as shown in 
Figure 2: middorsal light stripe (MDLS); paravertebral dark 
stripes (PVDS); dorsolateral light stripe (DLLS); lateral dark 
stripe (LDS); lateral light stripe (LLS); ventrolateral dark stripe 
(VLDS); and dark temporal markings (DTM). Comparative 
material examined is listed in Appendix |. Sources of 
additional comparative data on character states and 
distribution of other species of Lipinia are from Bourret (2009); 
Brongersma (1942); Bucklitsch et al. (2012); Cochran (1930); 
Das (1997, 2010); Das & Austin (2007); de Rooij (1915); 
Grismer (2011b); Grismer et al. (2014, 2016); Gunther (2000); 
Koch (2012); Loveridge (1948); Smith (1935); Taylor (1917, 
1922); Werner (1910); and Zweifel (1979). 





Figure 2 Terminology describing coloration of Lipinia used in 
present paper 

Abbreviations: PVDS: Paravertebral dark stripe; DLLS: Dorsolateral 
light stripe; DTM: Dark temporal marking; LDS: Lateral dark stripe; 
LLS: Lateral light stripe; MDLS: Middorsal light stripe; PDS: 
Paravertebral dark stripes; VLDS: Ventrolateral dark stripe. Photo of 
Lipinia microcercus stat. nov. by Nikolay A. Poyarkov. 


We examined all type specimens in the L. vittigera complex 
that were traceable in museum collections today. Museum 
abbreviations, where available, follow Leviton et al. (1985, 
1988), including ZMMU, ZFMK, Field Museum of Natural 
History (FMNH), Chicago, USA; Senckenberg Museum 
Frankfurt (SMF), Germany; Museo Civico di Storia Naturale 
"Giacomo Doria" (MSNG), Genova, Italy; Institute of Ecology 
and Biological Resources (IEBR), Hanoi, Vietnam; University 
of Kansas, Museum of Natural History, Division of Herpetology 
(KU), USA; California Academy of Sciences, Department of 
Herpetology (CAS), USA; Museum of Vertebrate Zoology, 
University of California (MVZ), USA; and National Museum of 
Natural History, Division of Amphibians and Reptiles (USNM), 
USA. Other abbreviations include: Prov.: Province; Div.: 
Division; Dist.: District; Mt.: Mountain; NP: National park; WS: 
Wildlife sanctuary; NBCA: National Biodiversity and 
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Conservation Area. 

One-way analysis of variance (ANOVA) was used for 
morphometric comparisons between species; a significance 
level of 95% was used for all statistical tests. Principal 
component analysis (PCA) was used to determine if the 
examined populations were separated from each other in 
morphospace and if this coincided with the mtDNA lineages 
recovered with molecular phylogenetic analysis. Sexes were 
analyzed together due to the small sample size for two out of 
the four analyzed lineages; juvenile specimens were excluded 
from analysis; a total of 30 specimens were included in the 
PCA. All meristic characters used in the PCA were log- 
transformed and scaled to their standard deviation prior to 
analysis to normalize their distribution and ensure characters 
with very large or very low values did not over-leverage the 
results due to intervariable nonlinearity and to ensure the data 
were analyzed based on correlation not covariance. Tail length 
(TaL) was excluded from the PCA as tails were broken or 
regenerated in many specimens. All other metric (n=13) and 
meristic (n=16) characters were subjected to PCA using 
Statistica v8.0 (StatSoft, Inc., 2007). 


DNA isolation, polymerase chain reaction (PCR), and 
sequencing 
Total genomic DNA was extracted from 95% ethanol- 
preserved muscle tissues using standard phenol-chloroform 
extraction protocols (Hillis et al., 1996). Total DNA 
concentration was estimated in 1 uL using NanoDrop 2000 
(Thermo Scientific, USA) and consequently adjusted to 
100 ng DNA/wL. 

We amplified 655 bp of cytochrome oxidase subunit | (CO/), 
a mitochondrial barcoding marker widely used in vertebrates, 
including both reptiles and amphibians (Murphy et al., 2013; 
Nagy et al., 2012; Smith et al., 2008) and proven to be useful 
for species identification in various groups of lizards 
(Hartmann et al., 2013b; Nazarov et al., 2012, 2014; Neang et 
al., 2018; Solovyeva et al., 2011, 2018). Primers used for PCR 
and sequencing included ReptCOI-F (5'-TNTTMTCAACNAAC 
CACAAAGA-3') and ReptCOI-R (5'-ACTTCTGGRTGKCCAAA 
RAATCA-3') (Nagy et al., 2012). The PCR assays were 
performed in 25 uL reactions using 50 ng of genomic DNA, 
10 pmol of each primer, 15 nmol of each dNTP, 50 nmol 
additional MgCl,, Taq PCR buffer (10 mmol/L Tris-HCl, pH 8.3, 
50 mmol/L KCI, 1.1 mmol/L MgCl,, and 0.01% gelatin), and 
1 U of Taq DNA polymerase. The PCR conditions included an 
initial denaturation step of 5 min at 95 °C, 5 cycles of 
denaturation for 1 min at 94 °C, primer annealing for 40 s at 
45 °C, and extension for 1 min at 72 ° C, 30 cycles of 
denaturation for 1 min at 94 °C, primer annealing for 40 s at 
53 °C, and extension for 1 min at 72 °C, and a final extension 
step for 5 min at 72 °C. The PCR products were visualized by 
agarose electrophoresis in the presence of ethidium bromide 
and purified using 2 pl from a 1:4 dilution of ExoSaplt 
(Amersham, UK) per 5 wl of PCR product prior to cycle 
sequencing. The obtained fragments were sequenced in both 
directions for each sample, and a consensus sequence was 
generated. Sequencing was performed in both directions 
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using the same primers as used in PCR on an ABI3730xl 
Automated Sequencer (Applied Biosystems, USA) in Evrogen 
Inc., Moscow. The newly obtained sequences were aligned 
and deposited in GenBank under the accession Nos. 
MK463827—MK463852, MK843792—MK843793, and 
GU657766—GU657767 (Supplementary Table S1). Sequences 
of three other Lipinia species used for comparisons were 
obtained from GenBank (Supplementary Table S1). 


Phylogenetic analyses 

The COI gene fragment was applied in the present study 
mainly as a barcoding marker for species identification rather 
than a tool for reconstructing phylogenetic relationships 
among species. Information on voucher specimens and 
GenBank accession Nos. used in phylogenetic analyses are 
summarized in Supplementary Table S1. In total, 58 COI 
fragment sequences of Scincidae, including 53 sequences of 
Lipinia spp. (including 25 sequences representing target L. 
vittigera species complex) and sequences of outgroup taxa, 
including representatives of scincid genera Lygosoma, 
Eutropis, Tropidophorus, Sphenomorphus, and Eumeces were 
included in the final alignment with a total length of 681 bp. 
Nucleotide sequences were initially aligned in the program 
MAFFT v6 (Katoh et al., 2002) with default parameters, and 
then checked by eye in BioEdit 7.0.5.2 (Hall, 1999) and 
slightly adjusted. Mean uncorrected genetic distances (P- 
distances) between sequences were calculated with MEGA 
7.0 (Kumar et al., 2016). 

Matrilineal genealogy was inferred using Bayesian 
inference (Bl) and maximum likelihood (ML) algorithms. We 
conducted BI analysis in MrBayes 3.1.2 (Huelsenbeck & 
Ronquist, 2001; Ronquist & Huelsenbeck, 2003). The dataset 
was divided into three codon-partitions of the COI gene; 
MODELTEST v.3.06 (Posada & Crandall, 1998) was used to 
estimate the optimal evolutionary models for each partition. 
The best-fitting model selected for the CO/ dataset was GTR+ 
Gamma for the first and third codon positions and HKY+1 for 
the second codon position. Metropolis-coupled Markov chain 
Monte Carlo (MCMCMC) analyses were run with one cold 
chain and three heated chains for twenty million generations, 
with sampling every 2000 generations. Five independent 
MCMCMC runs were performed and 1000 trees were 
discarded as burn-in. Stationarity from each run was checked 
using TRACER v1.6 (Rambaut & Drummond, 2007) to ensure 
an effective sample size (ESS) above 200 for all parameters. 

The ML analysis was conducted using RAxML (http:// 
embnet. vital-it. ch/raxml-bb/; Stamatakis et al., 2008), with the 
ML trees searched using default priors and the GTR+Gamma 
model of evolution for all codon positions. Confidence in node 
topology was tested by posterior probability (PP) for BI trees 
(Huelsenbeck & Ronquist, 2001) and by non-parametric 
bootstrapping with 1 000 replicates (ML BS, see Felsenstein, 
1985) for ML trees. We a-priori regarded tree nodes with 
bootstrap (ML BS) values of <70% and Bayesian posterior 
probabilities (BI PP) values >0.95 as sufficiently resolved; ML 
BS values between 70% and 50% (BI PP between 0.95 and 
0.90) were treated as tendencies and nodes with ML BS 


values below 50% (BI PP below 0.90) were regarded as 
unresolved (Felsenstein, 2004; Huelsenbeck & Hillis, 1993). 


RESULTS 


Genetic differentiation of Indochinese Lipinia 

Sequence data: The final alignment of the CO/ gene 
contained 681 aligned characters, including 422 conserved 
sites and 257 variable sites, of which 252 were parsimony- 
informative. The  transition-transversion bias (R) was 
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estimated as 1.577 (all data given for ingroup only). 
Nucleotide frequencies were 22.72% (A), 28.92% (T), 27.86% 
(C), and 20.50% (G). 


Genetic diversity and geographic distribution of mtDNA 
haplotypes: The phylogenetic analysis results of the 
examined Lipinia species are presented in Figure 3. We also 
calculated a tree with more outgroup taxa, representing 
different groups of lygosomine skinks (Supplementary 
Figure S1). 
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Figure 3 Bayesian inference tree of Lipinia derived from analysis of 681 bp of partial COI gene sequences 
Voucher specimen information and GenBank accession Nos. are listed in Supplementary Table S1. Colors of boxes and thumbnails are consistent 
with those on map (see Figure 1). Numbers at tree nodes correspond to BI PP/ML BS support values, respectively. Photos by Nikolay A. Poyarkov, 


Evgeniy A. Dunayev, Eduard A. Galoyan, and Vitaly L. Trounov. 


Both the BI and ML phylogenetic analyses resulted in 
essentially similar topologies. Phylogenetic relationships 
within the genus Lipinia remained fundamentally unresolved in 
our analyses, whereas monophyly of species-level groups 
was highly supported (1.0/100, hereafter node support values 
are given for BI PP/ML BS, respectively) (Figure 3). In the 
additional analysis involving more outgroup taxa, monophyly 
of the genus Lipinia was not supported, and all higher-level 
taxonomic relationships between this genus and other 


lygosomine skink genera (i.e., Lygosoma, Eutropis, 
Tropidophorus, and Sphenomorphus) remained unresolved 
(Supplementary Figure S1). Monophyly of the L. vittigera 
species complex was not supported in either analysis (Figure 
3; Supplementary Figure S1). 

Our analyses revealed unexpectedly high genetic diversity 
within the Indochinese Lipinia skinks, contradicting current 
taxonomy of the group. In Indochina, four major mtDNA 
lineages were recovered (lineages A-D; see Figure 3 for 
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phylogenetic tree and Figure 1 for geographic distribution of 
revealed lineages): 

(1) Lineage from southern peninsular Thailand (Surat Thani 
Province), corresponding to L. vittigera sensu stricto (see 
below) (lineage C, see Figure 3). 

(2) Lineage from Kon Tum Province of Vietnam and 
adjacent part of Ratanakiri Province of Cambodia, 
corresponding to the spotted form of L. cf. vittigera (lineage B, 
see Figure 3). This lineage forms a well-supported clade with 
L. vittigera sensu stricto lineage C from southern Thailand 
(1.0/100). 

(3) Lineage recorded from lowland and hilly areas of central 
and southern Vietnam, as well as from across Cambodia, five- 
striped form specimens, corresponding to the traditionally 
recognized subspecies L. v. microcercus (lineage A, see 
Figure 3). 

(4) Lineage recorded from hilly areas in southern Vietnam 
and Cambodia, corresponding to the three-striped form of L. 
cf. vittigera (lineage D, see Figure 3). 

The three mtDNA lineages of L. cf. vittigera recorded from 
Indochina, north of the Isthmus of Kra, correspond to distinct 
morphotypes and color forms and were never recorded in the 
same biotope. However, their ranges appear largely 
overlapping (see Figure 1) and the geographic distance 
between two localities where different mtDNA lineages/ 
morphotypes occur is as little as 15 km (e. g., between 
localities 11 and 22 in Figure 1). While the five-striped form 
(lineage A, L. v. microcercus) widely occurs in southern 
Indochina from the central Annamites to southern Vietnam 
and Cambodia (possibly also penetrating into Thailand), the 
three-striped form (lineage D) is confined to hilly areas of 
southern Annam (Langbian Plateau), Cambodia, 
southernmost Vietnam (and possibly southeast Thailand), 
whereas the spotted form (lineage B) is restricted to a narrow 
area in the central Annamites on the border of Vietnam and 
Cambodia (Figure 1). 


Genetic distances: The uncorrected P-distances among and 
within the studied mtDNA fragments for the examined Lipinia 
species are shown in Supplementary Table S2. Intraspecific 
genetic distances in all examined species were below the 
level P=3.5% (in the three-striped form, lineage D). The 
interspecific uncorrected genetic P-distances between Lipinia 
species varied from 7.1% (between L. noctua (Lesson) and 
Lipinia sp. from Palau) to 23.4% (between Lipinia sp. from 
Palau and spotted form, lineage B). Genetic differentiation 
among the four lineages of L. vittigera sensu lato from 
Indochina was surprisingly high and varied from 15.5% 
(between lineages B and C) to 20.4% (between lineages B 
and D). This degree of pairwise divergence is high, notably 
greater than the genetic divergence observed between many 
recognized species of Scincidae (e.g., Murphy et al., 2013; 
Nagy et al., 2012; Neang et al., 2018; Okamoto & Hikida, 
2012). 


Systematics 
Recent study demonstrated that the genus Lipinia likely does 
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not represent a monophyletic group, but rather is an 
assemblage of distantly related sphenomorphine skinks 
(Grismer et al., 2016; Linkem, 2013). Reconstructing 
phylogenetic relationships among members of the Lipinia 
assemblage would require much broader taxon sampling and 
a multilocus approach combining data from several mtDNA 
and nuDNA markers. In the present paper, we applied CO/ 
DNA-barcoding, which is a useful tool for uncovering cryptic 
diversity in squamate reptiles, including members of the family 
Scincidae. We did not aim to discuss phylogenetic 
relationships of Indochinese Lipinia or use COl-barcoding 
solely for assessment of their genetic diversity and distribution 
of mtDNA lineages. 

The four mtDNA lineages revealed within the L. vittigera 
species complex were highly divergent, with uncorrected 
genetic distances exceeding P=15.5%. The PCA results 
corroborated these findings and indicated that each mtDNA 
lineage occupies a unique position in morphospace that did 
not overlap with any other species in the ordination of the first 
two principle components (PC) (Figure 4). PC1 accounted for 
28.24% of the variation in the dataset, with loading for snout- 
tympanum length, snout-forelimb length, head width, head 
height, and snout-vent length, whereas PC2 accounted for an 
additional 16.05% of the variation, with loading for frontonasal 
width, snout length, number of light stripes on dorsum and 
flanks, and head length (Figure 4; Supplementary Table S3). 
These results suggest deep differentiation of the four 
Indochinese lineages of Lipinia skinks, not only in genetic, but 
also in morphological characters. Additional differences in 
morphological and color characters not amenable to statistical 
analyses are discussed in the comparison sections of each 
species and summarized in Table 1. 

The data on genetic divergence, together with congruent 
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Figure 4 Two-dimensional plots of first two factors of principal 
component analysis (PCA) with convex hull polygons showing 
morphospatial relationships of species in the Lipinia vittigera 
species complex (Photos by Nikolay A. Poyarkov, Evgeniy A. 
Dunayev, Eduard A. Galoyan, and Vitaly L. Trounov) 


Table 1 


Lipinia vittigera 


Lipinia microcercus 


Lipinia trivittata 


Morphological comparison between Lipinia vittigera species complex members found in Indochina and adjacent territories 


Lipinia vassilievi 





Character s. str. stat. nov. sp. nov. sp. nov. 
SVL 35.5-37.8 30.1-41.9 31.0-44.4 39.4 
TaL/SVL -= 0.98-1.65 0.81-1.55 1.04 
TrunkL/SVL 0.41-0.47 0.44-0.54 0.44-0.51 0.47 
SL/SVL 0.15-0.16 0.09-0.16 0.09-0.17 0.11 
STL/SVL 0.25 0.21-0.26 0.21-0.26 0.25 
SFIL/SVL 0.40-0.45 0.34-0.44 0.39-0.43 0.41 
FLL/SVL 0.23-0.24 0.19-0.36 0.25-0.35 0.33 
HLL/SVL 0.29-0.30 0.24-0.43 0.28-0.45 0.44 
Frontonasal (W>L) No Yes Yes Yes 
Prefrontals in contact No or slightly Yes Yes or slightly Yes 
Cie 14243 1+2 or 14243 1+2 or 14243 1+2 
ee A Sta on ane an 
Supraciliaries 7 6-9 7-9 10-11 
MSR 30-32 28-32 28-32 28 
MDSR 48-52 48-58 48-58 56 
Ventrals 56 54-66 56-70 66 
ae NCIC tee 18-21 20-26 14-15 
Subdigital lamellae on 22-25 24-32 29-33 19-21 


4th toe 


Dark temporal 
markings 


Middorsal light stripe 
(MDLS) 


Paravertebral dark 
stripes (PDS) 


Dorsolateral light stripe 
(DLLS) 


Lateral dark stripe 
(LDS) 


Lateral light stripe (LLS) 


Ventrolateral dark 
stripe (VLDS) 


Black mottling or 
irregular spots 


Wide, 2-scales 
wide 


Subequal to 
MDLS, continuing 
on tail 


Indistinct 


Absent, irregular 
dark mottling 


Indistinct 


Absent 


Wide black stripe, at least two times 


wider than DLLS 


Narrow, 1-scale wide 


Wider than MDLS, continuing on 
anterior 3/4 of tail 


Distinct with regular borders, 1-scale 


wide 


Always distinct, broad: 2—3-scales wide, 
running from temporal area to anterior 


3/4 of tail, forming row of ocelli 


Distinct with regular borders, 1-scale 


wide 


Narrow (1-scale wide) stripe or row of 
dark ocelli between axilla and groin 


For character abbreviations see “Materials and Methods”. —: Not available. 


differentiation of mtDNA lineages in morphospace revealed by 


Lipinia vittigera 


Narrow black stripe ca. same 
width as DLLS 


Wide, 2-scales wide 


Subequal to MDLS, not 
continuing on tail 


Distinct on head and anterior 
1/3 of body 


Narrow: 1-scale wide, starting 
in temporal area and becoming 
indistinct in first 1/2 of body 


Indistinct 


Absent 


sensu stricto 


(=Lygosoma 


Narrow black stripe ca. 
same width as DLLS 


1—2-scales wide 


Subequal to MDLS, not 
continuing on tail 


Distinct, with irregular 
borders; 2-scales wide 


Irregular row of dark 
ocelli running from 
temporal area to groin 


Wide stripe (2-3-scales 
wide) with poorly 
defined borders 
Distinct row of dark 


ocelli from lower jaw to 
axilla continuing to groin 


vittigerum) 


PCA and other morphological differences compiled below, 
support our hypothesis that at least four distinct species, as 
described in the following taxonomic accounts, should be 
recognized within the Indochinese members of the L. vittigera 
species complex, two of which appear to be new to science. 


(Boulenger, 1894) 
Figures 5A-B, 7A-B, 8-9; Tables 1, 2. 


Chresonymy 
Lygosoma vittigerum Boulenger, 1894, p. 615; Sworder, 1933, 
p. 102; 
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Figure 5 Photos of Indochinese Lipinia species in life (part I) 

Lipinia cf. vittigera: General view (A) and head dorso-lateral view (B) of male (ZMMU R14477, Phanom Dist., Surat Thani, Thailand); Lipinia 
microcercus stat. nov.: General view (C) and head dorso-lateral view (D) of male (ZMMU NAP-06918, Buon Luoi, Gia Lai, Vietnam); General view 
(E) and head dorso-lateral view (F) of male (ZMMU R13698, Yok Don, Dak Lak, Vietnam); G: General view of male (ZMMU NAP-06165, Kon Ka 
Kinh, Gia Lai, Vietnam); H: General view of male from Kirirom NP, Kampong Speu, Cambodia. Photos A-B and H by Evgeniy A. Dunayev; C-G by 
Nikolay A. Poyarkov. 
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Figure 6 Photos of Indochinese Lipinia species in life (part Il) 


Lipinia trivittata sp. nov.: General view (A) and head dorso-lateral view (B) of female holotype (ZMMU R13920-58, Chu Yang Sin NP, Dak Lak, 
Vietnam); C: Dorsal view of male paratype (ZMMU R13449, Bu Gia Map NP, Binh Phuok, Vietnam); D: Adult specimen from Khao Soi Dao NP, 
Chanthaburi, Thailand (tentative identification); Lipinia vassilievi sp. nov.: General view (E) and head dorso-lateral view (F) of male holotype (ZMMU 
R14604, Chu Mom Ray NP, Kon Tum, Vietnam). Photos A-B by Eduard A. Galoyan; C by Nikolay A. Poyarkov; D by David Sargeant (North 


Thailand Birding); E-F by Vitaly L. Trounov. 


Leiolopisma vittigerum — Barbour, 1912, p. 187; 

Leiolopisma vittigerum vittigerum — Smith, 1935, p. 306; 
Taylor, 1963, p. 1029; Bourret, 2009, p. 274; 

Lygosoma (Leiolopisma) vittigerum — Smith, 1937, p. 224; 

Lygosoma (Scincella) vittigerum vittigerum — Grandison, 
1972, p. 82; 

Lipinia vittigera — Greer, 1974, p. 11; Manthey & 
Grossmann, 1997, p. 266; Cox et al., 1998, p. 116; Grismer et 
al., 2002, p. 27; Pauwels et al., 2003, p. 28; Nguyen et al., 


2005, p. 59; Das & Austin, 2007, p. 66; Grismer, 2011a, p. 
149; Grismer, 2011b, p. 606; Chan-ard et al., 2015, p. 111; 

Lipinia cf. vittigera — Teo & Rajathurai, 1997, p. 415; 

Lipinia vittigera (?) — Onn et al., 2010, p. 140; 

Lipinia vittigera vittigera — Das, 2010, p. 237; Grossmann, 
2010, p. 2; Bucklitsch et al., 2012, p. 325. 

Lygosoma vittergerum — Grismer, 2011b, p. 606 (ex errore). 


Holotype: MSNG 55855, adult male (Figure 8), collected by 
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Figure 7 Head pholidosis of holotype specimens of Indochinese Lipinia in lateral (left) and dorsal (right) aspects 

A, B: Holotype of Lygosoma vittigerum Boulenger, 1894 (MSNG 55855, male); C, D: Holotype of Leiolopisma pranensis Cochran, 1930 
(USNM75591, male); E, F: Holotype of Lygosoma microcercum Boettger, 1901 (SMF 14593); G, H: Holotype of Lipinia trivittata sp. nov. (ZMMU 
R13920-58, female); |, J: Holotype of Lipinia vassilievi sp. nov. (ZMMU R14604, male). Drawings by Peter Geissler. 


Elio Modigliani from Sereinu (=Sipora), Mentawei, Sumatra 
(Indonesia) (Figure 1, locality 1). A re-description of the 
holotype was published by Bucklitsch et al. (2012). 


Paratypes: None. 


Diagnosis: Based on the holotype, additional specimens 
examined from Penang (Malaysia) and peninsular Thailand 
(Appendix |) as well as literature data from peninsular 
Malaysia and Singapore (Grismer, 2011b): small (SVL to 
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44 mm) species of Lipinia, differentiated from congeners by 
the following combination of external traits: external ear 
opening present; lower eyelid bearing large transparent 
spectacle; 28-30 midbody scale rows; 48-56 middorsal 
scales between parietals and point above vent; 15-16 
subdigital lamellae under finger IV; 20—26 lamellae under toe 
IV; prefrontals in punctiform or broad contact; seven 
supralabials, seven infralabials; broad middorsal light stripe 
from snout tip to tail base; two paravertebral dark stripes from 





Figure 8 Holotype of Lygosoma vittigerum Boulenger, 1894 (MSNG 55855, male) in preservative 
A: General ventral view; B: General dorsal view; C: Head dorsal view: D: Head lateral view. Photos by Giuliano Doria and André Koch. 


supraoculars toward tail, continuing on anterior part of tail; 
flanks dotted brown, without any distinct dark or light stripes. 


Etymology: Although not stated by Boulenger (1894), the 
species name "vittigerum" is derived from Latin "vitta" for a 
head band used by Roman priests during rituals and "gero" (to 
wear), aS a reference to the banded dorsal pattern of this 
species. Due to the feminine gender of the genus name 
Lipinia, the species epithet has to be adapted to "vittigera". 


Description of holotype: Measurements and counts of 
holotype are presented in detail in Table 2. Head scalation of 
holotype is detailed in Figure 7A-B. 

SVL 36.9 mm (Figure 8), TaL 4.5 mm, largest parts 


missing. Snout acute, SL 4.1 mm; nostrils oriented laterally, 
oval, situated closer to snout tip than to orbit, END 3.0 mm; 
head elongated, HL 10.1 mm, HW 4.8 mm, HL/HW ratio 2.1, 
flattened, HH 3.4 mm, HL/HH ratio 3.0; rostral broad, visible 
in dorsal view (Figure 7A—B); frontonasal almost as wide as 
long; frontal elongated, arrow-shaped, wider anteriorly; 
prefrontals large, not in contact medially, laterally and 
posteriorly in contact with loreals, first presupraocular, first 
supraocular, frontal and frontonasal; two frontoparietals in 
broad median contact; interparietal arrow-shaped, wider 
anteriorly; parietals in contact behind interparietal, anteriorly 
in contact with postsupraoculars, fourth supraocular, nuchals, 
and frontoparietals; seven nuchals; four supraoculars; three 
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Figure 9 Specimen of Lipinia cf. vittigera (Boulenger, 1894) (ZMMU R14477, male) in preservative 
A: General dorsal view; B: Head dorsal view: C: Head ventral view; D: Head lateral view; E: Left forelimb in volar view; F: Left hindlimb in thenar 


view. Photos by Nikolay A. Poyarkov. 


presupraoculars, visible from above; seven supraciliaries; 
nostrils located within nasals; postnasal absent; two loreals, 
slightly elongated, second longer than first; two enlarged 
presuboculars, separating supralabials Ill and IV from eye; 
seven supralabials, supralabial V largest, in contact with orbit; 
two postsuboculars, separating supralabial VI from orbit; 
seven postsupraoculars (pretemporals); one primary 
temporal; two secondary temporals, dorsal largest; two 
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postsupralabials; lower eyelid bearing large transparent 
window; scales on upper row of lower eyelid small, 14 in 
number; mental wider than long; one postmental, in contact 
with first infralabial and anterior portion of second infralabial; 
seven infralabials; three pairs of chinshields, first pair in 
contact medially, second pair separated by one scale, third 
pair separated by three scales; external ear opening visible 
and subcircular (Figure 7A-B). 


Table 2 Morphometric and meristic data of examined specimens of Lipinia vittigera species complex of Indochina and adjacent 
territories (All measurements are in mm) 


No. Species/Specimen Sex SVL TaL TrunkL SVL/TL HL HW HH SL STL SFIL END EL 





Lipinia vittigera 
1 MSNG 55855-holotype M 37.8 5.4* 15.5 E 10.8 49 35 62 96 151 3.9 1.9 
2 ZFMK 48542 M 35:5 = 16.6 a 9.6 45 30 54 90 159 24 2.0 
3 ZMMU R-14477 M 35.8 8.3* 17.8 -= 7.6 47 37 3.8 86 155 1.9 2.1 





Lipinia microcercus stat. nov. 








4 SMF 14593-holotype M 41.9 44.5 22.8 94.2% 9.8 51 3:3. 62 86 14.2 25 22 
5  ZFMK 90339 Juv. 19.6 18.8* 9.2 = 6.0 29 1.8 32 49 84 1.2 1:3 
6 ZMMU R-10962 M 39.3 12.4* 18.5 -= 8.0 48 33 3.7 86 147 23 Wel 
7  ZFMK 88968 M 34.9 15.7* 15.5 -= 8.5 48 3.1 55 79 13.9 2.5 1.8 
8 ZFMK 88869 F 34.1 21.8% 16.3 = 8.7 46 36 49 75 136 2.5 2.0 
9 ZMMU R-11475-1 F 34.6 46.9 16.9 73.8% 7.6 5.1 3.3 3.5 80 134 24 1.6 
10 ZMMU R-11475-2 Juv. 19.9 28.3 9.2 70.2% 4.7 3.4 2:1 20 49 88 1.4 1:3 
11 ZMMU R-11475-3 Juv. 21.6 35.8 10.3 60.2% 5:5. 3.5 24 23 56 97 1:5 1:3 
12 ZMMU R-13599-9 M 36.5 43.2 17.2 84.5% 8.1 5.0 3.6 3.5 8.1 14.3 2.2 1.8 
13 ZMMU R-13599-74 M 38.3 6.3" 18.1 -= 9.3 6.1 41 4.3 10.0 16.7 3.0 2.4 
14 ZMMU R-07528 M 33.4 55.0 16.5 60.8% 7.1 47 3.2 3.2 74 11.6 2.0 1.9 
15 ZMMU R-13337 M 34.2 4.1* 15.7 = (5 49 3.2 3.5 7.7 144 2.0 2.2 
16 ZMMU R-13843 F 31.6 4.7* 16.1 = 6.7 40 26 28 69 12.6 2.1 1.9 
17 ZMMU R-08319 F 31.2 47.9 14.4 65.2% 6.9 44 27 35 7.5 13.2 2.1 2.0 
18 ZMMU R-11184 F 30.1 47.3 13.9 63.6% 7.4 41 27 3.1 7.1 12.4 2.2 1.9 
19 ZMMU R-11165 Juv. 26.3 43.6 12.0 60.2% 6.0 3.6 25 29 65 11.5 2.0 LT 
20 ZMMU R-11178 Juv. 24.9 44.5 11.7 56.0% 6.3 3.7 2.5 26 63 11:3 2.0 1.6 
21 ZMMU R-13698 F 33.9 49.9 16.7 67.9% 7.3 5.0 3.4 3.4 8.1 13.9 2.0 17 
22 ZMMU NAP-04318 F 34.0 43.3 16.5 78.5% 8.2 5.1 3T 35 80 13.9 2.3 1.8 
23 ZMMU R-04613-1 F 37.5 58.6 17.0 64.1% 8.1 5.0 3.2 40 85 156 2.7 21 
24 ZMMU R-04613-2 M 37.0 54.9 17.5 67.5% 8.2 48 3.1 3.8 84 153 2.5 1.9 
25 ZMMU R-04613-3 M 37.7 28.1* 18.0 - 8.8 5.2 3.6 4.1 9.1 15.9 2.7 2.0 
26 ZMMU R-04613-4 M 36.4 47.4 17.8 76.7% 8.1 47 3.0 3.7 76 14.2 2.3 2.0 
Lipinia trivittata sp. nov. 
27 ZMMU R-13920-58-holotype F 44.4 59.3 22.4 74.9% 9.2 5.3 3.6 42 94 173 25 2.0 
28 ZMMU R-13449 M 42.0 46.6 21.4 90.2% 9.4 tA 5.0 46 11.00 18.7 36 2.4 
29 ZMMU R-13934-112 M 42.7 34.8 20.2 122.9% 10.0 63 43 47 10.7 174 3.2 2.3 
30 ZMMU R-13934-101 Juv. 20.0 33.1 8.8 60.5% 4.8 3.2** 1.3** 1.8** 5.3** 9.3** N/A** N/A** 
31 ZMMU R-13920-56 M 43.6 17.8* 20.4 = 9.7 64 46 46 107 184 28 2.2 
32 ZMMU R-13920-57 M 32.0 41.4 15.4 77.2% 6.9 41 28 3.2 76 13.2 2.2 1.7 
33 ZMMU R-13920-55 M 40.7 20.6* 18.8 < 9.5 5.8 43 42 10.0 16.2 26 2.0 
34 ZMMU R-15199 M 31.8 52.3 15.8 60.8% 7.8 49 33 3.7 82 156 24 2.0 
35 ZFMK 90419 M 39.7 39.1 20.4 101.5% 9.7 47 3.2 5.0 86 15.3 3:8 1.9 
Lipinia vassilievi sp. nov. 
36 ZMMU R-14604-holotype M 39.4 40.9 18.7 96.5% 9.1 6.1 43 44 98 16.1 3.1 2.6 
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Continued 


No. Species/Specimen TYD FLL HLL FNW PFC FSO SOC FPS Nel Scil PSPO PSBO 





Lipinia vittigera 


1 MSNG 55855-holotype 0.4 8.9 10.9 N N 14+2+3 4 3+4 4/3 7/7 6 2 
2  ZFMK 48542 0.5 8.0 10.7 N S 1+2+3 4 3+4 3/3 7/7 6 2 
3 ZMMU R-14477 0.8 12.6 16.2 Y 1+2 4 3+4 3/3 11/11 6 2 





Lipinia microcercus stat. nov. 








4 SMF14593-holotype 0.6 8.0 10.5 Y: Y 1+2+3/1+2 4 3+4 3/3 7/7 6 2 
5  ZFMK 90339 0.4 4.1 5.4 Y Y 14243 4 3+4 3/3 7/7 6 3 
6 ZMMU R-10962 0.6 12.0 14.8 Y Y 1+2 4 3+4 4/3 8/9 6 2 
7  ZFMK 88968 0.6 7.4 9.5 Y Y 1+2+3 4 3+4 3/3 7/7 6 3 
8 ZFMK 88869 0.5 6.3 8.2 Y Y 14+2 4 3+4 3/3 7/7 6 3 
9 ZMMU R-11475-1 0.7 9.1 13.5 Yy Y 1+2 7/4 5+6+7/3+4 3/3 8/8 6 2 
10 ZMMU R-11475-2 0.4 6.3 7.6 y Y 1F2 4 3+4 3/3 8/8 6 2 
11 ZMMU R-11475-3 0.5 7.0 9.8 Y Y 1+2 4 3+4 3/3 8/9 6 2 
12 ZMMU R-13599-9 0.7 10.9 14.5 Y Y. 1+2 4 3+4 3/4 8/8 6/3 2 
13 ZMMU R-13599-74 0.8 13.8 15.5 Y Y 14243 4 3+4 3/3 8/8 6 2 
14 ZMMU R-07528 0.5 10.7 13.2 Y Y 1+2+3 4 3+4 4/3 9/9 6 2 
15 ZMMU R-13337 0.5 11.7 14.9 Y- Y TE2+3 4 3+4 3/3 9/8 6 2 
16 ZMMU R-13843 0.5 9.6 12.0 ¥ Y 1+2 4 3+4 3/3 6/7 6 2 
17 ZMMU R-08319 0.5 10.5 12.2 Y bá 1+2+3 4 3+4 3/3 8/7 6 2 
18 ZMMU R-11184 0.6 9.8 12.9 Y Y 14243 4 3+4 3/3 7/7 6 2 
19 ZMMU R-11165 0.4 8.3 10.8 Y Y 1+2+3 4 3+4 3/3 8/7 6 2 
20 ZMMU R-11178 0.5 8.1 10.7 Y Y 14+2 4 3+4 3/3 7/7 6 2 
21 ZMMU R-13698 0.6 11.2 14.2 Y Y 1+2 4 3+4 4/3 8/9 6 2 
22 ZMMU NAP-04318 0.6 11.2 14.6 Y- Y 14+2 4 3+4 4/4 9/8 6 2 
23 ZMMU R-04613-1 0.7 12.8 15.5 Y Y 1+2+3 4 3+4 3/3 9/8 6 2 
24 ZMMU R-04613-2 0.5 11.7 14.4 Y bá 1+2+3 4 3+4 3/3 8/9 6 2 
25 ZMMU R-04613-3 0.6 12.9 15:2 Y Y 1+2+3 4 3+4 3/3 8/9 6 2 
26 ZMMU R-04613-4 0.4 11:2 14.0 Y Y 1+2+3/1+2+4 4/5 3+4/4+5 3/3 7/7 6 2 
Lipinia trivittata sp. nov. 
27 ZMMU R-13920-58-holotype 0.5 13.4 17.9 Y Y 1+2+3/1+2 4 3+4 3/3 9/8 6 2 
28 ZMMU R-13449 0.8 15.0 18.6 Y N. 1+2 4 3+4 3/3 7/8 6 2 
29 ZMMU R-13934-112 0.6 14.3 17.8 Y N 1+2 4 3+4 3/3 6/7 6 2 
30 ZMMU R-13934-101 0.4 TA 8.6 Y S 1+2+3 4 3+4 3/3 7/7 6 2 
31 ZMMU R-13920-56 0.8 14.6 18.5 Y Y TE2+3 4 3+4 3/3 10/9 6 2 
32 ZMMU R-13920-57 0.6 11.3 13.0 ¥ S 1+2 4 3+4 3/3 7/7 6 2 
33 ZMMU R-13920-55 0.7 13.9 18.2 Y Y 1+2+3 4 3+4 3/3 7/8 6 2 
34 ZMMU R-15199 0.8 11:5 15.6 Y Y 1+2+3 4 3+4 3/3 7/7 6 2 
35 ZFMK 90419 0.7 8.8 10.3 Y Y 1+2+3 4 3+4 3/3 7/7 6 3/4 
Lipinia vassilievi sp. nov. 
36 ZMMU R-14604-holotype 0.7 12.8 17:3 Y Y 1+2 4 3+4 3/3 10/11 6 2 
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Continued 





No. Species/Specimen SLab SLO ILab MSR MdS Vent PrCl SDL4F SDL4T LStr 
Lipinia vittigera 

1 MSNG 55855-holotype 7/7 5+6 7/7 32 52 56 4 16/15 25/25 1 

2 ZFMK 48542 8/7 5+6 TIT 30 48 56 2 16/16 22/22 1 

3 ZMMU R-14477 7/7 5+6 7/7 28 50 56 4 16/16 26/25 1 





Lipinia microcercus stat. nov. 


4 SMF14593-holotype 7/7 5+6 TIT 28 56 62 6 21/21 26/26 5 
5  ZFMK 90339 7/7 5+6 7/7 28 50 62 4 20/20 24/24 5 
6 ZMMU R-10962 7/7 5+6 7/7 30 56 60 4 20/21 29/29 5 
7  ZFMK 88968 7/7 5+6 7/7 30 52 60 4 20/21 26/26 5 
8 ZFMK 88869 7/7 5+6 7/6 28 48 64 4 18/19 25/25 5 
9  ZMMU R-11475-1 7/7 5+6 7/7 28 50 62 4 21/20 25/24 5 
10 ZMMU R-11475-2 ZiT 5+6 6/6 26 58 60 4 18/18 24/- 5 
11 ZMMU R-11475-3 7/7 5+6 7/7 30 52 60 4 19/18 28/28 5 
12 ZMMU R-13599-9 7/7 5+6 7/7 32 50 60 4 22/21 26/29 5 
13 ZMMU R-13599-74 7/7 5+6 7/6 28 50 54 4 21/21 = 32/32 5 
14 ZMMUR-07528 7/7 5+6 7/7 30 52 60 4 18/18 24/24 5 
15 ZMMU R-13337 7/7 5+6 7/7 28 52 60 4 19/20 27/27 5 
16 ZMMU R-13843 7/7 5+6 7/7 26 50 62 4 20/21 26/27 5 
17 ZMMU R-08319 7/77 5+6 7/7 32 54 62 4 21/21 30/29 5 
18 ZMMU R-11184 7/7 5+6 7/7 28 54 62 4 20/20 31/27 5 
19 ZMMU R-11165 7/7 5+6 7/7 32 52 62 4 19/20 25/24 5 
20 ZMMU R-11178 7/7 5+6 7/7 30 48 54 4 19/17 27/27 5 
21 ZMMU R-13698 7/7 5+6 7/7 32 52 64 4 18/18 28/30 5 
22 ZMMU NAP-04318 7/7 5+6 7/7 32 50 62 4 23/21 29/29 5 
23 ZMMU R-04613-1 7/7 5+6 7/7 30 50 62 4 17/18 26/26 5 
24 ZMMU R-04613-2 7/7 5+6 TIT 28 54 60 4 19/19 25/26 5 
25 ZMMU R-04613-3 7/7 5+6 7/7 30 50 58 4 20/20 29/28 5 
26 ZMMU R-04613-4 7/7 5+6 7/7 30 52 58 4 21/21 30/29 5 





Lipinia trivittata sp. nov. 





27 ZMMU R-13920-58-holotype 7/8 5+6/6+7 7/7 28 52 66 4 24/24 32/33 3 
28 ZMMU R-13449 7/7 5+6 7/7 28 52 62 4 22/22 32/32 3 
29 ZMMU R-13934-112 7/7 5+6 TIT 32 56 62 4 26/24 30/30 3 
30 ZMMU R-13934-101 7/7 5+6 7/7 26 56 62 4 25/25 31/31 3 
31 ZMMU R-13920-56 7/7 5+6 6/6 32 54 60 4 25/24 29/29 3 
32 ZMMU R-13920-57 7/7 5+6 TH 28 54 60 4 24/23 30/30 3 
33 ZMMU R-13920-55 7/7 5+6 7/7 30 50 60 4 20/22 31/31 3 
34 ZMMU R-15199 7/7 5+6 8/8 28 56 60 4 24/23 30/30 3 
35 ZFMK 90419 7/7 5+6 8/8 32 58 58 4 18/18 26/26 3 
Lipinia vassilievi sp. nov. 
36 ZMMU R-14604-holotype 7/7 5+6 7/7 28 56 66 4 15/14 21/19 3+2*** 


For character abbreviations see “Materials and Methods”. Character states and remarks: *: Tail broken; **: Head damaged; ***: Outer stripes 
broken, consisting of spots; Y: Yes; N: No; S: Slightly; —: Not available. F: Female; M: Male; Juv.: Juvnile. 
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Body slender (Figure 8), TrunkL 17.1 mm; head slightly 
distinct from neck and body; 56 middorsal scales from parietal 
to point above vent, scales in four median longitudinal rows 
enlarged; ventrals in 58 rows, counted from first postgular to 
preanal scales; body scales smooth, subcycloid; 30 scales 
around midbody; four slightly enlarged preanals; Limbs 
slender, pentadactyl, and clawed; forelimb and hindlimb 
meeting when adpressed; subdigital lamellae under finger IV: 
15/16; subdigital lamellae under toe IV: 25/25; all subdigital 
lamellae enlarged. 


Coloration in preservative: MDLS cream (Figure 8), from 
snout to tail base, widening at point above vent and merging 
into light dorsal coloration of tail. DTM indistinct dark mottling 
in temporal region (Figure 8D). MDLS on midbody about two 
scales wide. Two black PVDS from supraoculars to tail base, 
one scale wide at midbody, merging into brown lateral tail 
coloration. Outer margin of PVDS straight; flanks and gular 
region light fawn, dotted with small brown spots. Labials and 
surrounding of outer ear opening fawn with brown markings. 
Dorsal surface of remaining part of tail cream, becoming 
darker on lateral sides. Dorsal surface of limbs grayish fawn 
scattered with irregular brown spots. Toes and fingers light 
fawn with dark brown blotches on joints. Ventral surface of 
throat, trunk, limbs, and tail cream. 


Coloration in life: Based on specimen (ZMMU R-14477, see 
Figure 5A—B) from Phanom District, Surat Thani Province, 
peninsular Thailand: MDLS fawn yellow on head, neck, and 
anterior half of trunk, gradually turning into fawn orange 
toward tail; PVDS brownish black; flanks and lateral surfaces 
of head light golden brown, scattered with lighter fawn and 
dark brown spots; dorsal surfaces of limbs golden brown with 
light orange complexion and small brown dots; digits fawn 
with dark brown spots on joints; labials fawn white; throat and 
belly white; tail fawn orange; lateral surfaces of tail marbled in 
brown. DTM, indistinct dark mottling in temporal region (Figure 
5B, see Figure 9D for the same specimen in preservative). 


Type locality: Sereinu Island (=Sipura), Mentawai 
Archipelago, west of Sumatra; see Boulenger (1894) and 
Bucklitsch et al. (2012) for discussion. 


Variation: Measurements of the holotype and referred 
specimens are presented in Table 2. Certain morphological 
variation was found among the examined specimens. For 
example, the frontonasal width is smaller than its length in the 
holotype and specimen from Penang, Malaysia (ZFMK 
48542), but width is greater than its length in the specimen 
from southern peninsular Thailand (ZMMU_ R-14477). In 
addition, the prefrontals are not in contact in the holotype, but 
are touching slightly in the Penang specimen (ZFMK 48542) 
and broadly contacting in the Thai specimen (ZMMU R- 
14477). The taxonomic value of these differences is unclear 
and requires broader molecular and morphological sampling 
from the Thai-Malay Peninsula and Sumatra. 


Distribution: See Figure 1. In mainland Southeast Asia, L. 
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vittigera sensu stricto seems to be restricted to an area south 
of the Isthmus of Kra, though additional research on the Thai- 
Malay Peninsula populations is needed to confirm this 
assumption. Distribution of the species in peninsular Malaysia 
and its offshore islands was reviewed by Grismer (2011b). The 
species has been reported from: Peninsular Thailand: "Tasan, 
Isthmus of Kra" (Smith, 1935); Nakhon Si Thammarat Prov.: 
Khao Ram Rome Mt. (P. Pawangkhanant, personal 
communication); Surat Thani Prov.: Phanom (KUH 328480); 
Phanom Dist. (ZMMU R-14477; see material examined, 
Appendix 1); Peninsular Malaysia: Pulau Pinang (Penang) 
(ZFMK 48542); Lata Tembaka, Terengganu; Jor, Perak, Kuala 
Teku, Pahang, Kepong and Ulu Langat, Selangor; and Endau 
Rompin and Gunung Panti, Johor (Denzer & Manthey, 1991; 
Grandison, 1972; Grismer, 2011b; Norsham & Ong, 2001; 
Onn et al., 2010; Smith, 1922; Tanner, 1953; Wood et al., 
2004); Seribuat Archipelago: Pulau Aur and Pulau Babi Besar, 
Johor, and Pulau Tioman, Pahang (Grismer et al., 2006); 
Singapore (Baker & Lim, 2008); Mentawai Archipelago 
(Boulenger, 1894) (MSNG 55855); as well as in Sumatra and 
northern Borneo (Das, 2010). Distribution records from north 
of the Isthmus of Kra often lack a clear assignment to one of 
the former subspecies, i.e., L. v. vittigera or L. v. microcercus. 
Thus, those records need further research to verify species 
assignment (see account on L. microcercus stat. nov.). Smith 
(1935) and Taylor (1963) published several records of L. v. 
vittigera from northern and eastern Thailand: "Chantaboon (= 
Chantaburi); Rehang district; Meh Lem, Meh Wang in N. 
Siam". However, without having seen the reference 
specimens, it is not possible to decide to which species of the 
L. vittigera complex those records belong. 


Natural history: Grismer (2011a, 2011b) summarized several 
field observations from peninsular Malaysia and its offshore 
islands, with the species occurring in lowland and hill 
dipterocarp forests (primary and secondary) from 0 to 600 m a. 
s.l., and with a preferred microhabitat including trunks of large 
trees up to a height of 10 m. Reproduction was described by 
Goldberg & Grismer (2014): gravid females were recorded in 
March; females lay two to three eggs; hatchlings were 
observed in July. 


Remarks: Our study suggests that the range of L. vittigera 
sensu stricto is restricted to the Mentawei Archipelago, 
Sumatra, the Thai-Malay Peninsula south of Kra Isthmus, and 
Borneo. The northern extent of its distribution is unknown and 
requires further studies. However, certain morphological 
variation was observed even within our limited sampling on L. 
vittigera sensu stricto. No data on variation of Bornean 
populations of L. vittigera are available. Grismer (2011b) 
reported color variation between specimens from Pulau 
Tioman, Pahang, which exhibited thin vertebral stripes only 
one scale wide, whereas specimens from peninsular Malaysia 
showed wider vertebral stripes, usually two scale rows wide. 
These data suggest that diversity of the L. vittigera complex in 
Peninsular Malaysia and Sundaland may still be 


underestimated. Thus, further morphological and molecular 
studies are needed to address these questions. 


Lipinia microcercus stat. nov. (=Lygosoma_ microcercum) 
(Boettger, 1901) 
Figures 5C-H, 7C-F, 11-13; Tables 1-2. 


Chresonymy 
Lygosoma (Leiolopisma) microcercum Boettger, 1901, p. 49; 

Lygosoma pulchellum (partim) — Annandale, 1905, p. 145 
(preliminary, see taxonomic comment below); 

Leiolopisma pulchellum (partim) — Taylor, 1922, p. 212; 

Lygosoma vittigerum kronfanum Smith, 1922, p. 208 (see 
taxonomic comment below); 

Leiolopisma vittigerum kronfanum — Schmidt, 1928, p. 80; 

Leiolopisma pranensis Cochran, 1930, p. 18 (preliminary, 
see taxonomic comment below); Smith, 1930, p. 126; 

Leiolopisma vittigerum microcercum — Smith, 1935, p. 308; 
Bourret, 1939, p. 52; Taylor, 1963, p. 1030; Ho & Nguyen, 
1981, p. 140; Semenov et al., 1983, p. 72; Bourret, 2009, 
p. 275; 

Lipinia vittigerum microcercum — Bobrov, 1992, p. 19; 
Bobrov, 1995, p. 15; 

Lygosoma microcercum — Bobrov, 1995, p. 15; 

Scincella vittigerum (partim) — Nguyen & Ho, 1996, p. 40; 

Scincella vittigerum kronfanum — Nguyen & Ho, 1996, 
p. 40; 

Scincella vittigerum microcercum — Nguyen & Ho, 1996, 
p. 40; 

Lipinia vittigera microcerca — Bobrov & Semenov, 2008, p. 
64; Nguyen et al., 2009, p. 252; Bucklitsch et al., 2012, p. 325; 
Vassilieva et al., 2016, p. 175; 

Lipinia vittigera microcercum — Grossmann, 2010, p. 2; 

Lipinia vittigera (partim) — Nguyen et al., 2005, p. 59; 
Stuart et al., 2006, p. 147; Stuart & Emmet, 2006, p. 15; 
Grismer et al., 2008, p. 22; Hartmann et al., 2013b, p. 48; 
Jestrzemski et al., 2013, p. 96; Grismer & Quah, 2019, p. 234; 

Lipinia vittigera kronfanum — Das, 2010, p. 237 (treated as 
a valid subspecies). 


Holotype: SMF 14593, adult male (Figure 10), collected by 
Hans Fruhstorfer from "Phuc-son in Annam" (=Phuoc Son 
District in Quang Nam Province), Vietnam (see comment 
below for discussion on type locality). 


Paratypes: None. 


Diagnosis: Small (SVL to 41.9 mm) species of Lipinia, 
differentiated from congeners by the following combination of 
external traits: external ear opening present; lower eyelid 
bearing large transparent spectacle; 28-32 midbody scale 
rows; 48-58 middorsal scales between parietals and point 
above vent; 18-21 subdigital lamellae under finger IV; 24-32 
lamellae under toe IV; prefrontals in broad contact; seven 
supralabials, seven infralabials; thin middorsal light stripe from 
snout tip to tail base; two paravertebral dark stripes from 
supraoculars toward tail, continuing on anterior part of tail; two 
distinct dorsolateral light stripes; broad lateral dark stripe from 


temporals to anterior part of tail; one distinct lateral light stripe, 
separated from belly by narrow ventrolateral dark stripe or 
longitudinal patch of dark spots. 


Etymology: Referring to its short tail compared to other 
lygosomine skinks, Boettger (1901) provided the species 
epithet "microcercum". He treated this as a flexible adjective 
by adjusting it to the neutral gender of the genus name 
Lygosoma. However, such an adjective does not exist in the 
Latin language. The noun "cercus" is a Latinized version of 
the ancient Greek "képkos (kérkos)" in female gender, 
meaning "tail". When used as a noun in apposition, the 
species epithet cannot be reflected and therefore must be 
used as "microcercus". 


Redescription of holotype: Measurements and counts of 
holotype are presented in detail in Table 2. Head scalation of 
holotype is detailed in Figure 7E—F. Adult male (Figure 10), 
SVL 41.9 mm, TaL 44.5 mm. 

Snout acute, SL 6.2 mm; nostrils oriented laterally, oval, 
situated closer to snout tip than to orbit, END 2.5 mm; head 
long, almost twice as long as wide, HL 9.8 mm, HW 5.1 mm, 
HL/HW ratio 1.92, flattened, HH 3.3 mm, HL/HH ratio 2.97; 
rostral broad, visible in dorsal view, posterior border almost 
straight, contact zone with nasals slightly emarginated, 
frontonasal wider than long; frontal elongated, arrow-shaped, 
wider anteriorly; prefrontals large, in broad contact medially 
(Figure 7F), laterally and posteriorly in contact with loreals, 
enlarged presupraocular, first supraocular, frontal and 
frontonasal; two frontoparietals in broad median contact; 
interparietal arrow-shaped, wider anteriorly; parietals in 
contact behind interparietal, anteriorly in contact with 
postsupraoculars, nuchals, and frontoparietals; six nuchals; 
four supraoculars; one enlarged presupraocular, visible from 
above; seven supraciliaries; nostrils located within nasals; 
postnasal absent; two loreals, slightly elongated, second 
longer than first; two enlarged presuboculars, separating 
supralabials Ill and IV from eye; seven supralabials, 
supralabial V largest, in contact with orbit; three 
postsuboculars, separating supralabial VI from orbit; six 
postsupraoculars (pretemporals); one primary temporal; two 
secondary temporals, dorsal largest; two postsupralabials; 
lower eyelid bearing large transparent spectacle (Figure 10F); 
scales on upper row of lower eyelid small, 11 in number; 
mental wider than long; one postmental, in contact with first 
infralabial and anterior portion of second infralabial; seven 
infralabials; three pairs of chinshields, first pair in contact 
medially, second pair separated by one scale, third pair 
separated by three scales; external ear opening visible and 
subcircular (Figures 7E, 10E). 

Body slender, TrunkL 22.8 mm; head slightly distinct from 
neck and body; 56 middorsal scales from parietal to point 
above vent, scales in four median longitudinal rows enlarged; 
ventrals in 58 rows, counted from first postgular to preanal 
scales; body scales smooth, subcycloid; 28 scales around 
midbody; six slightly enlarged preanals; tail relatively long, TaL/ 
SVL ratio 0.94, tip rounded; tail gradually tapering to point; 
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Figure 10 Holotype of Lygosoma (Leiolopisma) microcercum Bottger, 1901 (SMF 14593, male) in preservative 
A: General ventral view; B: General dorsal view; C: Head dorsal view: D: Head ventral view; E: Head lateral view; F: Close-up of right eye showing 
translucent window in lower eyelid; G: Right forelimb in volar view; H: Right hindlimb in thenar view. Photos by Peter Geissler. 


median row of subcaudals enlarged; Limbs slender, 
pentadactyl, and clawed; forelimb and hindlimb meeting when 
adpressed; Subdigital lamellae under finger IV: 21 (Figure 
10G); subdigital lamellae under toe IV: 26 (Figure 10H); all 


subdigital lamellae enlarged (Figure 10G-—H). 


Coloration in preservative: See Figure 10; MDLS whitish, 
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from head to tail base, widening at point above vent and 
merging into light brownish coloration of tail. MDLS on 
midbody about one scale wide, covering interior halves of two 
paravertebral scale rows. Two brownish PVDS from snout to 
tail base, about two scales wide, continued by row of eight 
irregular brown blotches on both sides of anterior half of tail. 
Two fawn DLLS, starting on supraoculars, running down to 


point above vent, merging with MDLS and light brownish tail 
coloration. Laterally, on flanks, stripes sharply bordered by 
blackish brown LDS, starting at nostrils, extending to hind 
margin of hindlimbs. Ventral margin of LDS less sharp, 
sometimes frayed. LLS cream, only separated from light 
cream ventral trunk surface by faint narrow patch of brown 
spots (VLDS) between axilla and groin. DTM as wide dark 
band, about two times wider than DLLS above, running from 
posterior margin of eye to temporal region and further 
posteriorly on body flanks, joining with LDS (Figure 10E). 
Labials and surrounding of outer ear opening fawn white with 
some faint irregular brown pigmentation. Dorsal surface of tail 
light brown, becoming darker on lateral sides. Anterior third of 
tail with eight dark brown lateral blotches flanking light brown 
median tail surface. Dorsal surface of limbs brown, scattered 
with irregular darker spots. Toes and fingers light fawn with 
dark brown blotches on joints. Ventral surface of throat, trunk, 
limbs, and tail fawn, somewhat darker on tail and posterior 
part of trunk than on throat. 


Coloration in life: Description of life coloration is based on an 
adult male specimen (ZMMU R13698, Yok Don, Dak Lak, 
Vietnam), see Figure 5E—F. MDLS whitish beige on head and 
anterior parts of trunk, gradually turning light orange on tail; 
PVDS and LDS brownish black; DLLS whitish beige with light 
orange complexion toward tail base; LLS grayish white; VLDS 
grayish brown; limbs and digits dark brown, scattered with 
lighter beige and slightly orange spots; digits whitish with dark 
brown spots on joints; labials bright white with dark gray 
markings; throat and belly white; tail bright orange, with 
increasing intensity toward tail tip; lateral surfaces of tail 
orange, interrupted by partly connected dark brown patches. 


Variation: To assess morphological variation, we investigated 
23 recently collected specimens from central and southern 
Vietnam and from Cambodia. Selected traits and 
measurements are shown in Table 2. We also examined 
photos of type specimens of Lygosoma vittigerum kronfanum 
Smith, 1922 (Figure 11) and Leiolopisma pranensis Cochran, 
1930 (Figure 12). In general, all examined specimens 
correspond quite well to the description of the holotype, 
although certain variation was observed in number of 
supraoculars contacting frontal and number of superciliary 
scales. Coloration features appeared quite stable within L. 
microcercus stat. nov. (Figure 13). No statistically significant 
differences in morphological characters between sexes were 
observed. 


Distribution: Distribution is shown in Figure 1. This species is 
known with certainty from central and southern Vietnam, 
Cambodia, and extreme south of Laos. As we tentatively 
synonymize Leiolopisma pranensis Cochran, 1930 from 
Tenasserim with L. microcercus stat. nov., its distribution may 
extend further westward to northern and western Thailand 
north of the Isthmus of Kra; occurrence of this species in 
easternmost Myanmar is expected (Figure 1). 

It is likely that the records of "L. vittigera" from Tanintharyi 


Division of Myanmar correspond to this species; it was 
recorded from the following localities: Tavoy (=Dawei, Dewei) 
(Annandale, 1905); Yepone, Yebyu Township, Dewei Dist., 
Tanintharyi Div., Myanmar (CAS 243723); and Kawthaung 
Township, Tanintharyi Div., Myanmar (CAS 229605). However, 
the taxonomic status of these populations needs to be 
clarified. 

Records of the genus Lipinia from Thailand require further 
specimen examination for correct identification; members of 
the L. vittigera complex were recorded from all over the 
country, including: Phetchaburi Prov.: Kaeng Krachan NP; 
Prachuap Khiri Khan Prov.: Pran (=Pran Buri) (USNM 75591); 
Kui Buri NP; Uthai Thani Prov.: Huai Kna Khaeng WS; Chiang 
Mai Prov.: Doi Angka Mt. (USNM 76850); Chiang Mai (FMNH 
177050); Doi Suthep-Pui NP, Mae Takhrai NP (P. 
Pawangkhanant, personal communication); Nakhon 
Ratchisma Prov.: Mueang Nakhon Ratchisma Dist. (KUH 
328481); Khao Yai NP; Nan Prov.: Tambol Auan, Amphoe Pua 
(FMNH 270715); Loei Prov.: Phu Kradueng NP; Saraburi 
Prov.: Muak Lek, Chet Sao Noi NP; Sa Kaeo Prov.: Pang Sida 
NP; Ubon Ratchathani Prov.: Ubon (FMNH 177615) (P. 
Pawangkhanant, personal communication). Further studies 
are essential to clarify species identity of the Thai populations 
of the L. vittigera complex. 

Records of Lipinia from Laos are poorly documented but 
include Xepian NBCA, Champasak Prov. (Teynié et al., 2004). 
In addition to the localities presented in Figure 1 (see 
Appendix | for details), existing records from Cambodia (as L. 
vittigera) include: Pursat Prov.: Veal Veang, Phnom Samkos 
WS (NCSM 80292); Kratie Prov.: Sambour, Koh Kring Island 
(MVZ 258369); Kampong Speu Prov.: Phnom Sruoch Dist. 
(FMNH 261862); Ratanakiri Prov.: Ta Veng Dist. (FMNH 
262984); Koh Kong Prov., Thmar Baing Dist. (FMNH 263362); 
Sihanoukville Prov. (FMNH 270597) (Stuart & Emmet, 2006; 
Stuart et al., 2006, 2010). Hartmann et al. (2013a) also 
mentioned a photo record of a Lipinia specimen from 
northwestern Kulen Prum Tep WS (KPWS, Oddar Meanchey 
Province, Trapeang, Prasat District: ZFMK-PA SE 30; 
N14.7467°, E104.8100°, 99 m az.s.I.); based on coloration this 
specimen can be reliably assigned to L. microcercus. 

In addition to the localities verified by genetic and 
morphological analyses (see Figure 1 and Appendix | for 
details), L. microcercus stat. nov. was documented as L. v. 
microcercus from the following localities in Vietnam: Thua 
Thien-Hue Prov.: A Luoi (AMNH R-154622), Hue environs; Da 
Nang: Hai Van mountain pass, Bach Ma NP; Quang Nam 
Prov.: Hien, Nam Giang, Tay Gianh, Phuoc Son, Ngoc Linh 
NP; Kon Tum Prov.: Ngoc Linh NP, Kon Tum; Gia Lai Prov.: 
Buon Luoi (FMNH 252169), K Bang: SOn Lang, Chu Se; Dak 
Lak Prov.: Buon Ma Thuot (MVZ 222200), Yok Don NP; Lam 
Dong Prov.: Lang Bian, Da Ban, Bao Loc (USNM 90386), Cat 
Loc; Khanh Hoa Prov.: Hon Ba NP; Binh Phuoc Prov.: Nghia 
Trung; Dong Nai Prov.: Cat Tien NP, Ma Da; Ba Ria - Vung 
Tau Prov.: Binh Chau-Phuok Buu NP; Tay Ninh NP: Lo Go-Xa 
Mat NP; Kien Giang Prov.: Phu Quoc NP (Bobrov & Semenov, 
2008; Nguyen et al., 2009). The record of "L. vittigera" from 
Ha Tinh Prov. (Vu Kuang NP) by Semenov (2001) is doubtful; 
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Figure 11 Paratype of Lygosoma vittigerum kronfanum Smith, 1922 (FMNH 196010, field number M.A. Smith 4514, male) in preservative 
A: General dorsal view; B: Head dorsal view: C: Head ventral view. Photos by Rachel Grill. 


see Bobrov (1992, 1995) and Bobrov & Semenov (2008). 


Natural history: A brief description of the biology of this 
species in Vietnam was presented by Bobrov & Sememov 
(2008) and Vassilieva et al. (2016). The species was recorded 
from diverse types of clear forest habitats, including disturbed 
areas and rural and suburban landscapes in lowland, hilly, and 
submontane regions up to 1 200 m a.s.l. (Vassilieva et al., 
2016). It is an arboreal species, which can be quite common 
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locally. Specimens were usually observed during the day while 
the lizards foraged on trunks of large trees or, occasionally, on 
walls of wooden buildings located within the forest or at forest 
edges. Occasionally, specimens were observed on the 
ground, presumably crossing from one tree trunk to another. 
These lizards are active at temperatures above 20 °C, and 
usual hide under bark or in small tree hollows on rainy days 
(Bobrov & Sememov, 2008). Diet includes spiders and various 
small insects; in Cat Tien NP, a male specimen (ZFMK 88969) 





Figure 12 Holotype of Leiolopisma pranensis Cochran, 1930 (USNM75591, male) in preservative 
A: General dorso-lateral view; B: General ventral view; C: Head dorsal view: D: Head ventral view; E: Head lateral view; F: Left forelimb in volar 


view; G: Left hindlimb in thenar view. Photos by James Poindexter. 


was observed catching ants on the walls of a wooden stilt hut 
on the forest edge at Bau Sau Lake at a height of 5 m above 
ground. They are occasionally observed in groups of 2—3 on 
the same tree trunk. Waving movements of their brightly 
colored reddish or bright-orange tails is a commonly observed 
display behavior. They are oviparous, laying 2—4 eggs per 
clutch; hatching is observed during the rainy season. Sexual 
maturity is reached at the end of the first year, shedding 


occurs in January (Vassilieva et al., 2016). 


Comparisons: Comparisons are based on original 
descriptions or descriptions provided in broader faunal and 
taxonomic publications (citations in the Materials and Methods 
section above). 

Morphological comparisons between the four members of 
the L. vittigera species complex from mainland Southeast Asia 
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Figure 13 Specimen of Lipinia microcercus stat. nov. (Boettger, 1901) (ZMMU NAP-04318, male) in preservative 
A: General ventral view; B: General dorsal view; C: Head dorsal view: D: Head ventral view; E: Head lateral view; F: Left forelimb in volar view; 


G: Left hindlimb in thenar view. Photos by Nikolay A. Poyarkov. 


are summarized in Table 1. Lipinia microcercus stat. nov. can 
be differentiated from all other members of the L. vittigera 
species complex by the following opposing combination of 
characters (see Table 1 for details): L. vittigera sensu stricto 
(Boulenger, 1894) from Peninsular Malaysia, Mentawai 
Islands, Sumatra, and Borneo: 15-16 subdigital lamellae 
under finger IV; MDLS broad (two scales wide) from snout tip 
to tail; PVDS not as broad as MDLS; flanks with dark and pale 
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spots (LDS, LLS absent or indistinct); DTM present, indistinct 
dark mottling or spots; Lipinia trivittata sp. nov. (herein) from 
southern Vietnam, Cambodia, and eastern Thailand: 20-26 
subdigital lamellae under finger IV; MDLS broad (two scales 
wide); PVDS not as broad as MDLS, not continuing on tail; 
LDS only present on anterior third of trunk; DTM as narrow 
black stripe about as wide as DLLS; Lipinia vassilievi sp. nov. 
(herein) from central Vietnam: 10—11 supraciliaries; 14-15 


subdigital lamellae under finger IV; 19-21 subdigital lamellae 
under toe IV; MDLS broad (two scales wide); PVDS not as 
broad as MDLS; LDS and VDSL dissolving into two rows of 
irregular dark blotches; DTM narrow black stripe, about as 
wide as DLLS. 

In the following, L. microcercus stat. nov. is compared with 
other congeners bearing a light middorsal stripe by listing their 
opposing character combinations: L. albodorsalis (Vogt) from 
New Guinea: SVL to 54 mm; 22-25 midbody scale rows; 
dorsum pale yellow with dark lateral stripe; L. infralineolata 
(Gunther) from Sulawesi and Sangihi Islands: SVL to 49 mm; 
22 midbody scale rows; L. leptosoma (Brown & Fehlmann) 
from Palau Islands: 7—10 lamellae under toe IV; L. longiceps 
(Boulenger) from New Guinea, Fergusson, Misima, and 
Trobriand Islands: 24 midbody scale rows; snout strongly 
elongated; dorsum light brown with two dorsolateral stripes 
converging on tail base; tail golden yellow; L. macrotympanum 
(Stoliczka) from Andaman and Nicobar Islands: 21-23 
midbody scale rows; prefrontals separated; hindlimbs and 
forelimbs not meeting when adpressed; L. miangensis 
(Werner) from Pulau Miang, Kalimantan Timur, Borneo: 24 
midbody scale rows; back golden with two dark brown 
longitudinal stripes from snout to tail; L. nitens (Peters) from 
Sarawak, Borneo: SVL to 33.6 mm; external ear opening 
replaced by scaly dimple; back metallic green with pale yellow 
vertebral stripe; L. noctua from South Pacific islands 
(allochthonous) and Indonesia: Maluku and Papua Province; 
Papua New Guinea, Admiralty Islands, Bismarck Islands, and 
Solomon Islands: dorsum brown with light vertebral stripe, 
starting with wide and contrasting light spot on head; dark 
paravertebral stripes with irregular borders, often broken into 
row of irregular dark blotches; L. pulchella from the 
Philippines: 22—26 midbody scale rows; 24—31 lamellae under 
toe IV; only one light whitish stripe present on dorsum, from 
snout to tail tip, becoming yellowish from midbody toward tail; 
L. pulchra (Boulenger) from New Guinea: dorsum black with 
five greenish light stripes; L. rabori (Brown & Alcala) from the 
Philippines (Negros Island): SVL to 51.0 mm in males and 
54.8 mm in females; 22 midbody scale rows; L. relicta 
(Vinciguerra) from Indonesia: Mentawai Archipelago, SVL to 
56 mm; 20 midbody scale rows; 16—18 lamellae under toe IV; 
tail thick; light vertebral line present and labials each bearing 
small white spot; lateral dark stripe present from eye to 
insertion of hindlimbs; L. rouxi (Hediger) from New Ireland, 
northeast Papua New Guinea, and Bismarck Archipelago: 
dorsum brown, dark paravertebral stripes, with irregular 
borders, often broken into row of irregular dark blotches; L. 
septentrionalis Gunther from Indonesia (Papua Province): 24— 
26 midbody scale rows; one cream vertebral stripe, 
broadening toward tail; L. subvittata (Gunther) from Sulawesi, 
Java, the Philippines (Mindanao Island): SVL 47 -56 mm; 
dorsal longitudinal stripes extending to forearm region; 22 
midbody scale rows; L. vulcania from the Philippines 
(Mindanao and Luzon Islands): 17 lamellae under toe IV; 
limbs not meeting when adpressed; dorsum brownish, 
scattered with dark brown spots; dark lateral stripe, scattered 
with whitish or yellowish spots. 


The following congeners can be distinguished from L. 
microcercus by the absence of a light middorsal stripe: L. 
auriculata (Taylor) from the Philippines (Negros and Masbate 
Islands); L. cheesmanae (Parker) from New Guinea; L. 
inexpectata Das & Austin from Borneo and its northern 
offshore islands; L. nototaenia (Boulenger) from West Papua; 
L. occidentalis Gunther from Papua Province, New Guinea; L. 
sekayuensis Grismer, Ismail, Awangm, Rizal & Ahmad from 
Peninsular Malaysia; L. semperi (Peters) from the Philippines 
(Mindanao and Camiguin Islands); L. surda (Boulenger) from 
Peninsular Malaysia; L. venemai (Brongersma) from 
Indonesia: Papua Province; and L. zamboangensis (Brown & 
Alcala) from the Philippines (Mindanao Island). 


Remarks: Lipinia microcercus stat. nov. was ranked as a 
subspecies of L. vittigera (Boulenger, 1894) by Smith (1935). 
However, the genetic differentiation presented in this study as 
well as the morphological differentiation documented herein 
indicate that L. microcercus has to be treated as a valid 
species. 


Remarks on type locality of Lygosoma (Leiolopisma) 
microcercum Boettger, 1901: Boettger (1901) noted the type 
locality as "Phuc-son in Annam". A recent literature review 
enabled an exact localization of this village. The type 
specimen belonged to a herpetological collection sent to 
Frankfurt by the German naturalist Hans Fruhstorfer in 
November and December 1899. Hans Fruhstorfer travelled 
through Indochina for about three years (1899-1901), visiting 
all provinces of the so-called Union Indochinoise (Lamas, 
2005). Though mainly focused on collecting insects and 
molluscs, Fruhstorfer also noted in his published travelogue 
(Fruhstorfer, 1905) several reptiles and amphibians. In the 
case of the holotype specimen of Lygosoma microcercum, a 
concurrent reference in Fruhstorfer (1901) can be ascribed, 
where he mentions a remarkable lizard: "Viel Aufsehen 
erregte der Fang einer Eidechse mit rothem Schwanz und drei 
goldenen Linien Uber dem Rücken, wahrscheinlich Lygosoma 
sanctum Dum." (p. 130) (translation: "The catch of a lizard 
caused a certain sensation. It had a red tail and three golden 
lines on its back, probably Lygosoma sanctum Dum. "). This 
note, the only one which can be assigned to a specimen of 
the genus Lipinia, belongs to an entry from 24 November 
1899 in "Phuc son, Gebiet der Moi" (Fruhstorfer, 1901). 
Fruhstorfer entered Annam at the harbor of Tourane (today Da 
Nang, Quang Nam Province) on 13 November 1899 and left 
for a collection trip (six weeks) into the hinterland of Tourane, 
to "Phuc son" and "Thu-bon" on 15 November 1899. Though 
Fruhstorfer's transcription of "Phuc son", which was adopted 
by Boettger (1901), slightly differs from the modern "Phuoc 
Son", it can be stated with certain reliability that the type 
locality of Lygosoma microcercum can be restricted to the 
modern Phuoc Son District in Quang Nam Province, Central 
Vietnam (Figure 1, locality 6). 


Taxonomic status of Lygosoma vittigerum kronfanum 
Smith, 1922: Smith (1922) described the new subspecies 


Zoological Research 40(5): 358-393, 2019 381 


Lygosoma vittigerum kronfanum based on six specimens 
collected at "Daban, Langbian plateau, S. Annam in March 
1918". However, all diagnostic characters provided by Smith 
(1922) are within the character range of Lygosoma 
microcercum Boettger, 1901: TL 93 mm; SVL 34 mm; midbody 
scale rows 28-32; limbs overlapping when adpressed; 
prefrontals in contact, forming broad median suture; five "well- 
defined light stripes". The description of coloration in 
preservative also fits the coloration pattern of L. microcercus 
stat. nov., as described above: "Black above, with 5 greenish- 
white dorsal stripes, namely, a vertebral one from tip of the 
nose to the root of the tail, a dorsolateral pair from the upper 
eyelid to above the thigh, and a lateral pair from the upper lip 
to the groin" (Smith, 1922, p. 209). 

Smith (1935) himself then placed Lygosoma vittigerum 
kronfanum into synonomy of Leiolopisma _ vittigerum 
microcercum (Boettger, 1901), referring to a personal 
comment of Robert Mertens (unpublished), the successor of 
Oskar Boettger in SMF in Frankfurt: "Dr Mertens has 
compared my kronfanum with the type of microcercum, and 
has confirmed my suspicion that the two are identical" (Smith, 
1935, p. 308). At least one paratype of L. vittigerum 
kronfanum is still present in today's FMNH collection. The 
handwritten labels indicate that FMNH 196010 (see Figure 11) 
is one of four paratypes (collection numbers: 2453-2456) 
present in the private collection of Smith). The fate of the 
holotype (Smith's private collection number 2417) and other 
paratypes remains unknown. Das (2010) erroneously listed L. 
v. kronfanum as a valid subspecies. Based on morphological 
accordance, we follow Smith (1935) in recognizing L. v. 
kronfanum as a junior synonym of L. microcercus (Boettger, 
1901) stat. nov. 


Taxonomic status of Leiolopisma pranensis Cochran, 
1930: Cochran (1930) described Leiolopisma pranensis from 
Siam (now Thailand) based on two specimens, including the 
holotype USNM 75591 from Pran (now Pran Buri, Prachuap 
Khiri Khan Prov.) and paratype USNM 76850 from Doi Angka 
Mt. (Chiang Mai Prov.). Soon after, Smith (1935) synonymized 
this taxon with Lejolopisma vittigerum vittigerum, although 
without any justification for this decision. This opinion was 
later accepted by subsequent researchers (see Taylor, 1963, 
p. 1029). 

We examined photos of the holotype (Figure 12) of 
Leiolopisma pranensis Cochran, 1930, and we doubt that this 
taxon is close to L. vittigera sensu stricto. In general, external 
morphology of the holotype USNM 75591 agrees well with L. 
microcercus stat. nov. (see Table 1 for comparison): SVL 
38.0; TaL/SVL ratio 1.26; TrunkL/SVL ratio 0.53; SL/SVL ratio 
0.12; STL/SVL ratio 0.24; SFIL/SVL ratio 0.37; FLL/SVL ratio 
0.29; HLL/SVL ratio 0.39; frontonasal wider than long; 
prefrontals in contact (see Figure 7D); frontal contacting 1+2 
supraoculars; frontoparietals contacting 2+3+4 supraoculars; 
supraciliaries 7-8; MSR 30; MDSR 54; ventrals 56. In 
coloration (Figure 12), the holotype of Leiolopisma pranensis 
is also similar to L. microcercus stat. nov. with narrow MDLS 
(one scale wide), PDS slightly wider than MDLS, not 
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continuing on tail (although coloration on tail is possibly faded 
as the specimen appears slightly bleached); DLLS distinct 
with regular borders, one scale wide. 

However, the holotype of Leiolopisma pranensis shows 
some differences when compared with the holotype of L. 
microcercus stat. nov.: 14 subdigital lamellae under finger IV; 
21 subdigital lamellae under toe IV; fifth supralabial not 
contacting orbit (Figure 7C); LDS dissolving into row of 
irregular dark blotches, not reaching groin; VLDS only present 
as narrow row of irregular small spots. Unfortunately, our 
phylogenetic analysis lacked samples from western Thailand, 
including the vicinity of the Leiolopisma pranensis type locality, 
so the taxonomic value of these differences is not clear and 
requires further study. Nevertheless, the available information 
indicates that Leiolopisma pranensis is notably different from 
L. vittigera sensu stricto and more closely resembles L. 
microcercus stat. nov. Further molecular and morphological 
data on Lipinia populations from western Thailand are needed 
for future research. We herein propose to place Leiolopisma 
pranensis Cochran, 1930 into tentative synonomy of L. 
microcercus (Boettger, 1901) stat. nov. 


Lipinia trivittata sp. nov. 
Figures 6A-D, 7G-H, 14; Tables 1, 2. 


Chresonymy 

Lygosoma vittigerum kronfanum (partim) — Smith, 1922, p. 

209 (tentative chresonymy; see taxonomic comment below); 
Lipinia vittigera (partim) — Mahony, 2008, p. 239(?); 

Grismer et al., 2011, p. 62(?); Vassilieva et al., 2016, p. 167. 


Holotype: ZMMU R13920-58, adult female (Figure 14), 
collected by Eduard A. Galoyan from a tree trunk in a pine 
forest in Chu Yang Sin NP, Dak Lak Province, Vietnam 
(N12.40611°, E108.35361°; 950 m a.s.l.) on 30 March 2013. 


Paratypes: ZMMU R13920-55—57, three adult males with 
same collection information as holotype; ZMMU R13449, adult 
male collected by Nikolay A. Poyarkov on the edge of a forest 
road in Dac Ca River valley, Bu Gia Map NP, Binh Phuok 
Province, Vietnam (N12.1931°, E107.2121°; 545 m a.s.|.) on 
16 April 2009; ZMMU R13934-112, adult male, and ZMMU 
R13934-101, juvenile, collected by Eduard A. Galoyan and 
Anna B. Vassilieva from Loc Bac forest (operated by Loc Bac 
Forest Enterprise), Loc Bao Commune, Bao Lam District, Lam 
Dong Province, Vietnam (N11.73806°, E107.70694°; 850 m a. 
s.l.) on 7 April 2013; ZFMK 90419, adult female, collected by 
T. Hartmann from Kulen Prum Tep WS, Preah Vihear 
Province, Kulen District (N13.8851°, E104.8820°; 70 m a.s.1.) 
on 10 July 2009. 


Diagnosis: Small (SVL up to 44.4 mm) species of Lipinia, 
differentiated from congeners by the following combination of 
external morphological traits: external ear opening present; 
lower eyelid bearing large transparent spectacle; 28-32 
midbody scale rows; 48-58 middorsal scales between 
parietals and point above vent; 20-26 subdigital lamellae 
under finger IV; 29-33 lamellae under toe IV; prefrontals in 





Figure 14 Holotype of Lipinia trivittata sp. nov. (ZMMU R13920-58, female) in preservative 
A: General ventral view; B: General dorsal view; C: Head dorsal view: D: Head ventral view; E: Head lateral view; F: Left forelimb in volar view; 
G: Left hindlimb in thenar view. Photos by Nikolay A. Poyarkov. 


broad contact; seven supralabials, seven infralabials; Etymology: The species epithet is an adjective in nominative 
middorsal light stripe from snout tip to tail base; two singular (feminine gender) derived from the Latin "tri-" for 
paravertebral dark stripes, continuing on anterior part of tail; three and "vitta" for a head band (see above), referring to its 


two dorsolateral light stripes, distinct on head and anterior prominent three stripes (one light middorsal stripe and two 
third of trunk; narrow lateral dark stripe from loreals to anterior dark paravertebral stripes) in dorsal view. 


half of trunk. 
Description of holotype: Measurements and counts of 
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holotype are presented in detail in Table 2. Adult female, SVL 
44.4 mm (see Figure 14), TL 59.3 mm. 

Snout acute, SL 4.2 mm; nostrils oriented laterally, oval, 
situated closer to snout tip than to orbit, END 2.5 mm; head 
long, almost twice as long as wide, HL 9.2 mm, HW 5.3 mm, 
HL/HW ratio 1.74, flattened, HH 3.7 mm, HL/HH ratio 2.5; 
rostral broad, visible in dorsal view, posterior border of rostral 
waved, contact zone with nasals slightly emarginated; 
frontonasal wider than long; frontal elongated, arrow-shaped, 
wider anteriorly; prefrontals large, in broad contact medially 
(Figure 7H), surrounded by loreals, enlarged presupraocular, 
frontal, first supraoculars (punctiform contact) and frontonasal; 
two frontoparietals in broad median contact; interparietal 
arrow-shaped, wider anteriorly; parietals in contact behind 
interparietal, surrounded by _ postsupraoculars, nuchals, 
interparietal, and frontoparietals; six nuchals; four 
supraoculars; one enlarged presupraocular, visible from 
above; nine/eight supraciliaries; nostrils located within nasals; 
postnasal absent; two loreals, slightly elongated, second 
longer than first; two enlarged presuboculars, separating 
supralabial IIl and IV from orbit; seven  supralabials, 
supralabial V largest, in contact with orbit; three 
postsuboculars, separating supralabial VI from orbit; six 
postsupraoculars (pretemporals); one primary temporal; two 
secondary temporals, dorsal largest; two postsupralabials; 
lower eyelid bearing large transparent spectacle; scales on 
upper row of lower eyelid small, 10 in number; mental wider 
than long; one postmental, in contact with first infralabial and 
anterior portion of second infralabial; seven infralabials; three 
pairs of chinshields, first pair in contact medially, second pair 
separated by one scale, third pair separated by three scales; 
External ear opening visible and subcircular (Figure 7G). 

Body slender (Figure 14A—B), TrunkL 22.4 mm; head 
slightly distinct from neck and body; 56 middorsal scales from 
parietal to point above vent, scales in four median longitudinal 
rows enlarged; ventrals in 66 rows, counted from first 
postgular to preanal scales; body scales smooth, subcycloid; 
28 scales around midbody; four slightly enlarged preanals; Tail 
relatively long, TaL/SVL ratio 1.33, tip rounded; tail gradually 
tapering to point; median row of subcaudals enlarged; Limbs 
slender, pentadactyl, and clawed; forelimb and hindlimb 
meeting when adpressed; Subdigital lamellae under finger IV: 
24 (Figure 14F); subdigital lamellae under toe IV: 32/33 
(Figure 14G); all subdigital lamellae enlarged. 


Coloration in preservative: MDLS whitish, from head to tail 
base, widening at point above vent and continuing on dorsal 
surface of tail. MDLS on midbody about two scale rows wide, 
covering both paravertebral scale rows. Two black PVDS from 
snout to tail base, about two scales wide, narrowing on tail 
base, running into thin brown stripe within anterior fourth of 
tail. Two fawn DLLS, starting on supraoculars, running down 
to point above forelimb insertion, merging with brownish flank 
on anterior part of trunk. LDS starting at nostrils, running out 
into diffuse stripe on anterior third of trunk. LLS and VLDS 
absent. DTM as narrow black stripe ca. same width as DLLS 
above, running from posterior margin of eye to temporal 
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region and further posteriorly on body flanks, joining with LDS 
(Figure 14E). Labials, gular region, and flanks cream, 
scattered with brown pigmentation, darker on head, becoming 
lighter on flanks. Dorsal surface of tail whitish, lateral surface 
light brown. Dorsal surface of limbs light brown, scattered with 
irregular darker spots on hands and feet. Toes and fingers 
light fawn with dark brown blotches on joints. Ventral surface 
of throat, trunk, limbs, and tail white. Subdigital lamellae and 
ventral scales on hands and feet dark brown. 


Coloration in life: MDLS whitish beige on head and anterior 
parts of trunk, gradually turning into light orange beige on tail 
(Figure 6A). DLLS and flanks grayish brown, slightly golden. 
Limbs and digits light grayish, scattered with dark brown 
spots. Lateral surfaces of tail irregularly mottled in light brown 
and light orange beige. DTM as narrow dark brown stripe 
running from posterior corner of eye posteriorly (Figure 6B). 


Variation: For variation of traits in paratypes see Table 2. In 
general, members of the type series well agree with the 
description of the holotype. Certain variation was observed in 
prefrontal positions, which are broadly contacting with each 
other in most specimens, but slightly touching each other in 
ZMMU R-13934-101 and ZMMU R-13920-57 and are not in 
contact in ZMMU R-13934-112. Paratype ZMMU R13449 has 
MDLS wider than PVDS and brighter orange coloration of tail, 
becoming light orange toward sacrum (Figure 6C). Paratype 
ZFMK 90419 shows a brighter coloration of light dorsal 
stripes, with dorsal tail surface being intensely orange. A 
specimen from Khao Soi Dao NP, Thailand (Figure 6D, not 
collected) shows a very similar coloration pattern, with even 
brighter orange-reddish coloration of tail and MDLS; based on 
this photo record, we assume that this specimen belongs to 
Lipinia trivittata sp. nov. We did not reveal any sexually 
dimorphic characters in this species. 


Distribution: Distribution of the new species is presented in 
Figure 1. Lipinia trivittata sp. nov. is reliably reported from hilly 
and mountainous areas of southern Vietnam—Langbian 
Plateau and its foothills (Dak Lak, Lam Dong and Binh Phuok 
Provinces), as well as from the Bay Nui Hills in southern 
Vietnam (An Giang Province) and northern Cambodia: Kulen 
Prum Tep NP (Preah Vihear Province). Sequences of a tissue 
sample from a non-collected specimen originating from Phu 
Quoc Island of Vietnam confirm the presence of Lipinia 
trivittata sp. nov. on the island (Figure 1, locality 24). A photo 
record of Lipinia trivittata sp. nov. from Khao Soi Dao NP in 
Chanthaburi Province of eastern Thailand (Figure 6D) 
indicates that the range of the species is likely wider than 
currently known and possibly extends to the Cambodian part 
of the Cardamoms. Further studies are required to clarify the 
distribution of the new species. 


Natural history: Forest arboreal species, occurring 
throughout primary and old secondary montane and hill 
dipterocarp forests to disturbed forests, bamboo groves, and 
pine montane forests, known from elevations of 300 to 1 100 
m a.s.l. In the type locality (Chu Yang Sin NP, Dak Lak 


Province, Vietnam), the new species was observed in 
montane pine forests dominated by Pinus kesiya Royle ex 
Gordon; and observed in the day climbing on logs or trunks of 
large trees while foraging for small insects (mostly ants). In Bu 
Gia Map NP, Binh Phuok Province, a specimen of the new 
species was collected on the ground while it was crossing a 
road in a bamboo grove at midday. In Cambodia, the female 
paratype was collected from the southeastern part of KPWS 
while it was actively foraging on a fallen tree trunk at midday 
in a disturbed semi-evergreen forest at 70 m a.s.l.; this locality 
is located ~60 km from the L. microcercus record in KPWS. 
Gravid females were not recorded. Juveniles were observed 
in May-June. Clutch size is unknown. 


Comparisons: Comparisons are based on the original 
descriptions or descriptions provided in broader faunal and 
taxonomic publications (citations in the Materials and Methods 
section above). For distribution notes of each of the compared 
congeners, see the comparison section within the L. 
microcercus account above as well as Figure 1. 

Morphological comparisons between the four members of 
the L. vittigera species complex from mainland Southeast Asia 
are summarized in Table 1. In general, Lipinia trivittata sp. 
nov. resembles the other members of the Southeast Asian L. 
vittigera complex. However, the new species can be 
differentiated based on the following opposing combination of 
characters (see Table 1 for details): L. vittigera sensu stricto 
(Boulenger, 1894): 15—16 subdigital lamellae under finger IV; 
flanks with dark and pale spots; LDS absent or indistinct; 
Lipinia vassilievi sp. nov. (herein): 10—11 supraciliaries; 14-15 
subdigital lamellae under finger IV; 19-21 subdigital lamellae 
under toe IV; LDS and VDSL dissolving into two rows of 
irregular dark blotches; L. microcercus (Boettger, 1901) stat. 
nov.: MDLS narrow (one scale wide at midbody), PVDS 
continuing on tail; distinct LDS present from temporal region 
to anterior parts of tail. 

Lipinia trivittata sp. nov. can be compared with other 
congeners bearing a middorsal light stipe by their opposing 
character combinations: L. albodorsalis: SVL up to 54 mm; 22- 
25 midbody scale rows; dorsum pale yellow with a dark lateral 
stripe; L. infralineolata (Gunther): SVL to 49 mm; 22 midbody 
scale rows; L. leptosoma: 7—10 lamellae under toe IV; L. 
longiceps: 24 midbody scale rows; snout elongated; back light 
brown with two dorsolateral stripes converging on tail base; 
tail golden yellow; L. macrotympanum: 21—23 midbody scale 
rows; prefrontals separated; hindlimbs and forelimbs not 
meeting when adpressed; L. miangensis: 24 midbody scale 
rows; back golden with two dark brown longitudinal stripes 
from snout to tail; dark line from eye to insertion of forelimb; L. 
nitens: SVL to 33.6 mm; external ear opening replaced by 
scaly dimple; back metallic green with pale yellow vertebral 
stripe; L. noctua: dorsum brown with light vertebral stripe, 
starting with wide and contrasting light spot on head; dark 
paravertebral stripes with irregular borders, often broken into 
row of irregular dark blotches; L. pulchella: 22—26 midbody 
scale rows; and 24-31 lamellae under toe IV; only one light 
whitish stripe present on dorsum, from snout to tail tip, 


becoming yellowish from midbody toward tail; L. pulchra: 
dorsum black with five greenish light stripes; L. rabori: SVL to 
51.0 mm in males and 54.8 mm in females; 22 midbody scale 
rows; L. relicta: SVL to 56 mm; 20 midbody scale rows; 16—18 
lamellae under toe IV; tail thick; light vertebral line present and 
labials each bearing small white spot; lateral dark stripe 
present from eye to insertion of hindlimbs; L. rouxi: dorsum 
brown, dark paravertebral stripes, with irregular borders, often 
broken into row of irregular dark blotches; L. septentrionalis: 
24-26 midbody scale rows; light middorsal stripe as well as 
brown paravertebral stripes each bearing narrow black 
contour; L. subvittata: SVL 47-56 mm; dorsal longitudinal 
stripes extending to forearm region; 22 midbody scale rows; L. 
vulcania: 17 lamellae under toe IV; limbs not meeting when 
adpressed; dorsum brownish, scattered with dark brown 
spots; dark lateral stripe, scattered with whitish or yellowish 
spots. 

Remaining congeners can be distinguished from Lipinia 
trivittata sp. nov. by absence of light middorsal stripe: L. 
auriculata; L. cheesmanae; L. inexpectata; L. nototaenia; L. 
occidentalis; L. sekayuensis; L. semperi; L. surda; L. venemai; 
and L. zamboangensis. 


Remarks: In his description of Lygosoma vittigerum 
kronfanum, Smith (1922) reported on geographic variation in 
number of stripes on dorsum in Indochinese Lipinia: in 
addition to the typical form (L. vittigera sensu stricto from 
Sumatra and Malayan Peninsula) with one distinct vertebral 
stripe on dorsum and Indochinese form (now treated as L. 
microcercus stat. nov.) with five stripes on dorsum, he 
reported a juvenile specimen from northern Siam (now 
Thailand) with three dorsal light stripes and stated that further 
sampling may show this three-striped form to be taxonomically 
distinct. We were unable to locate and examine this specimen; 
however, we assume that it may possibly represent the first 
discovery of Lipinia trivittata sp. nov. Some records of L. 
vittigera from Cambodia (Grismer et al., 2011: 62; Mahony, 
2008, p. 239) and southern Vietnam (Vassilieva et al., 2016, p. 
167) may also correspond to this species, though this requires 
further confirmation. 


Lipinia vassilievi sp. nov. 
Figure 6E-F; Figure 7I-J; Figure 15; Tables 1, 2. 


Holotype: ZMMU R14604, adult male (Figure 15), collected 
by Dimitry F. Fedorenko and Anna B. Vassilieva in a montane 
forest in Chu Mom Ray NP, Kon Tum Province, Vietnam 
(N14.49583°, E107.71947°; 810 m a.s.l.) on 30 March 2015. 


Diagnosis: Small (SVL to 39.4 mm) species of Lipinia, 
differentiated from congeners by the following combination of 
external traits: external ear opening present; lower eyelid 
bearing large transparent spectacle; 30 midbody scale rows; 
56 middorsal scales between parietals and point above vent; 
15/14 subdigital lamellae under finger IV; 21/19 lamellae 
under toe IV; prefrontals in broad contact; seven supralabials, 
seven infralabials; broad middorsal light stripe from snout tip 
to tail base; two paravertebral dark stripes from supraoculars 
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Figure 15 Holotype of Lipinia vassilievi sp. nov. (ZMMU R14604, male) in preservative 
A: General ventral view; B: General dorsal view; C: Head dorsal view: D: Head ventral view; E: Head lateral view; F: Left forelimb in volar view; 


G: Left hindlimb in thenar view. Photos by Nikolay A. Poyarkov. 


toward tail, continuing on anterior part of tail; two distinct 
dorsolateral light stripes; lateral dark stripe from temporals to 
groin dissolving into row of irregular black spots; one lateral 
light stripe, separated from belly by row of large black spots 
between ear opening and groin. 


Etymology: The name of the new species is a Latinized 
patronymic adjective in genitive plural, possessive form of the 
family name Vassiliev. This species is named in honor of Prof. 
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Boris D. Vassiliev, a professor of herpetology from the 
Department of Vertebrate Zoology of Lomonosov Moscow 
State University for the last 50 years; he has nurtured and 
educated several generations of Russian herpetologists, 
including three co-authors of the present paper. In the last 30 
years, he has participated in several expeditions to central 
and southern Vietnam. 


Description of holotype: Adult male, SVL 39.4 mm (Figure 


15A-B), TaL 44.5 mm; Snout acute, SL 4.4 mm; nostrils 
oriented laterally, oval, situated closer to snout tip than to 
orbit, END 3.1 mm; head elongated, HL 9.1 mm, HW 6.1 mm, 
HL/HW ratio 1.5, slightly flattened, HH 4.3 mm, HL/HH ratio 
2.1; rostral broad, visible in dorsal view, posterior border 
almost straight, contact zone with nasals slightly emarginated, 
frontonasal wider than long; frontal elongated, arrow-shaped, 
wider anteriorly; prefrontals large, in contact medially (Figure 
7J), laterally and posteriorly in contact with loreals, enlarged 
presupraocular, first supraocular, frontal, and frontonasal; two 
frontoparietals in broad median contact; interparietal arrow- 
shaped, wider anteriorly; parietals in contact behind 
interparietal, anteriorly in contact with postsupraoculars, fourth 
supraocular, nuchals, and frontoparietals; seven nuchals; four 
supraoculars; one enlarged presupraocular, visible from 
above; 10/11 supraciliaries; nostrils located within nasals; 
postnasal absent; two loreals, slightly elongated, second 
longer than first; two enlarged presuboculars, separating 
supralabials Ill and IV from eye; seven supralabials, 
supralabial V largest, in contact with orbit; two postsuboculars, 
separating supralabial VI from orbit; six postsupraoculars 
(pretemporals); one primary temporal; two secondary 
temporals, dorsal largest; two postsupralabials; lower eyelid 
bearing large transparent spectacle; scales on upper row of 
lower eyelid small, 12 in number; mental wider than long; one 
postmental, in contact with first infralabial and anterior portion 
of second infralabial; seven infralabials; three pairs of 
chinshields, first pair in contact medially, second pair 
separated by one scale, third pair separated by three scales; 
external ear opening visible and subcircular (Figure 71). 

Body slender (Figure 15A-B), TrunkL 18.7 mm; head 
slightly distinct from neck and body; 56 middorsal scales from 
parietal to point above vent, scales in four median longitudinal 
rows enlarged; ventrals in 66 rows, counted from first 
postgular to preanal scales; body scales smooth, subcycloid; 
28 scales around midbody; four slightly enlarged preanals; Tail 
relatively long, TaL/SVL ratio 1.0, tip rounded; tail gradually 
tapering to point; median row of subcaudals enlarged; Limbs 
slender, pentadactyl, and clawed; forelimb and hindlimb 
meeting when adpressed; subdigital lamellae under finger IV: 
15/14 (Figure 15F); subdigital lamellae under toe IV: 21/19 
(Figure 15G); all subdigital lamellae enlarged. 


Coloration in preservative: MDLS whitish, from head to tail 
base, widening at point above vent and merging into light 
dorsal coloration of tail (Figure 15B). MDLS on midbody about 
two scales wide. Two black PVDS from supraoculars to tail 
base, about one scale wide at midbody, merging into brown 
lateral tail coloration. Outer margin of PVDS frayed. Two 
grayish brown DLLS, from supraoculars to tail base, margins 
frayed. Two LDS, dissolving into series of irregular black 
blotches and markings, starting on loreals, running down to 
groin. LLS grayish white, separated from light cream ventral 
trunk surface by row of smaller irregular black spots (VLDS) 
between gular region and groin. DTM as narrow black stripe, 
about same width as DLLS above, running from posterior 
margin of eye to temporal region and terminating on neck 


sides (Figure 15E). Labials and surrounding of outer ear 
opening fawn white. Dorsal surface of tail cream, becoming 
darker on lateral sides (Figure 15A). Dorsal surface of limbs 
grayish brown scattered with irregular light and dark spots. 
Toes and fingers light fawn with dark brown blotches on joints. 
Ventral surface of throat, trunk, limbs, and tail whitish. 


Coloration in life: MDLS whitish beige on head and neck, 
gradually turning fawn orange over trunk toward tail (Figure 
6E); PVDS, LDS, and VLDS spots brownish black; DLLS light 
brown; LLS grayish white; limbs and digits dark brown, 
scattered with lighter beige and dark brown spots; digits fawn 
with dark brown spots on joints; labials fawn white (Figure 6F); 
throat and belly white; tail fawn orange, with increasing 
intensity toward tail tip; lateral surfaces of tail orange brown. 


Distribution: Figure 1 shows the known distribution of the 
new species. The type locality of Lipinia vassilievi sp. nov. is 
located in Chu Mom Ray NP in Kon Tum Province of Vietnam, 
a southern outcrop of the Central (or Kon Tum) Plateau of the 
central Annamites (=Truong Son mountains). Sequences of 
tissue samples from two non-collected specimens (tail tips) 
originating from Virachey NP, Ratanakiri Province in eastern 
Cambodia, confirm the presence of Lipinia vassilievi sp. nov. 
in the country (Figure 1, locality 19); the Cambodian locality is 
situated about 50 km SW from the type locality. It is likely that 
the new species has a wider distribution extending to other 
areas of the Central Plateau foothills in central Vietnam, 
northern Cambodia, and, possibly, southern Laos 
(Champasak and Attapeu Provinces). Further research is 
needed to clarify the distribution range of Lipinia vassilievi 
sp. nov. 


Natural history: The holotype was collected under bark of a 
large tree close to a stream in a mixed montane polydominant 
forest at an elevation of 810 m a.s.l. Specimens from Virachey 
NP in Ratanakiri Province of Cambodia were recorded on the 
ground crossing a road. 


Comparisons: The only specimen of Lipinia vassilievi sp. 
nov. we were able to examine morphologically was the 
holotype; the two other samples of this species from 
Ratanakiri Province of Cambodia included in the phylogenetic 
analyses were tissue samples (tail tips), the respective 
voucher specimens were not collected. Comparisons are 
based on original descriptions or descriptions provided in 
broader faunal and taxonomic publications (citations in the 
Materials and Methods section above). For distribution notes 
of each of the compared congeners, see the comparison 
section within the L. microcercus stat. nov. account above as 
well as Figure 1. 

Morphological comparisons between the four members of 
the L. vittigera species complex from mainland Southeast Asia 
are summarized in Table 1. The members can be 
differentiated by the following opposing combination of traits: 
L. vittigera sensu stricto (Boulenger, 1894): PVDS with 
straight margins on both sides; flanks with dark and pale spots 
(LDS, LLS absent or indistinct); Lipinia trivittata sp. nov.: 20— 
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26 subdigital lamellae under finger IV; PVDS with straight 
margins on both sides, not continuing on tail; LDS only 
present on anterior third of trunk; L. microcercus (Boettger, 
1901) stat. nov.: MDLS narrow (one scale wide at midbody), 
PVDS with straight margins on both sides, continuing on tail; 
LDS continuous, present from temporal region to anterior 
parts of tail. 

Further, those congeners bearing a middorsal light stripe 
can be distinguished from Lipinia vassilievi sp. nov. by the 
following opposing traits: L. albodorsalis: SVL to 54 mm; 22- 
25 midbody scale rows; dorsum pale yellow with dark lateral 
stripe; L. infralineolata. SVL to 49 mm; 22 midbody scale 
rows; L. leptosoma: 7—10 lamellae under toe IV; L. longiceps: 
24 midbody scale rows; snout strongly elongated; dorsum 
light brown with two dorsolateral stripes converging on tail 
base; tail golden yellow; L. macrotympanum: 21-23 midbody 
scale rows; prefrontals separated; hindlimbs and forelimbs not 
meeting when adpressed; L. miangensis: 24 midbody scale 
rows; back golden with two dark brown longitudinal stripes 
from snout to tail; L. nitens: SVL to 33.6 mm; external ear 
opening replaced by scaly dimple; back metallic green with 
pale yellow vertebral stripe; L. noctua: dorsum brown with light 
vertebral stripe, starting with wide and contrasting light spot 
on head; dark paravertebral stripes with irregular borders, 
often broken into row of irregular dark blotches; L. pulchella: 
22-26 midbody scale rows; 24—31 lamellae under toe IV; only 
one light whitish stripe present on dorsum, from snout to tail 
tip, becoming yellowish from midbody toward tail; L. pulchra: 
dorsum black with five greenish light stripes; L. rabori: SVL to 
51.0 mm in males and 54.8 mm in females; 22 midbody scale 
rows; L. relicta: SVL to 56 mm; 20 midbody scale rows; tail 
thick; light vertebral line present and labials each bearing 
small white spot; lateral dark stripe present from eye to 
insertion of hindlimbs; L. rouxi: dorsum brown, dark 
paravertebral stripes, with irregular borders, often broken into 
row of irregular dark blotches; L. septentrionalis: 24-26 
midbody scale rows; one cream vertebral stripe, broadening 
toward tail; L. subvittata: SVL to 56 mm; dorsal longitudinal 
stripes extending to forearm region; 22 midbody scale rows; L. 
vulcania from the Philippines (Mindanao and Luzon Islands): 
17 lamellae under toe IV; limbs not meeting when adpressed; 
dorsum brownish, scattered with dark brown spots; dark 
lateral stripe, scattered with whitish or yellowish spots. 

The remaining congeners can be distinguished from Lipinia 
vassilievi sp. nov. by absence of light middorsal stripe: L. 
auriculata, L. cheesmanae; L. inexpectata, L. miotis; L. 
nototaenia; L. occidentalis, L. sekayuensis; L. semperi, L. 
surda; L. venemai, and L. zamboangensis. 


DISCUSSION 


Phylogenetic studies of the genus Lipinia have been long 
neglected; an unpublished PhD thesis of Linkem (2013) 
indicates that the genus represents a non-monophyletic 
assemblage of several distantly related lineages of 
sphenomorphine skinks. Grismer et al. (2016) approached the 
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phylogenetic relationships of Lipinia skinks by analyzing 1 035 
bp of ND2 mtDNA gene. Among other samples, they included 
three samples of "L. vittigera" in their analysis. Their study 
strongly suggested monophyly of the L. vittigera species 
complex and deep genetic divergence between the 
specimens examined, indicating that its taxonomy is likely 
incomplete. In the phylogeny of Grismer et al. (2016), the 
specimen of L. vittigera from Pinang (Malaysia) was more 
closely related to a specimen from Pursat (Cambodia) than to 
a specimen from Nan (Thailand). Thus, taxonomic affinities of 
these specimens require clarification. 

In the present paper, we applied CO/ DNA-barcoding to 
assess the taxonomic diversity of members of the L. vittigera 
species complex from Indochina. The resulting phylogenetic 
tree is not resolved in a number of major basal nodes (Figure 
3) and cannot be used to discuss phylogenetic relationships 
within Lipinia. However, our data clearly support the presence 
of at least four distinct and highly divergent mtDNA lineages 
within Lipinia in mainland Southeast Asia. Our study 
demonstrates that these lineages are also different in external 
morphology and coloration pattern and thus warrant 
recognition as separate species, two of which are new to 
science. It is remarkable that the presence of one of these 
new species was predicted almost 100 years ago (Smith, 
1922). 

Our study also raises many questions on the taxonomy and 
distribution of the L. vittigera species complex members in 
mainland Southeast Asia. Molecular and morphological 
differentiation of L. vittigera sensu stricto from Mentawai, 
Sumatra, Malaysia, southern Thailand, and Borneo need to be 
examined in greater detail, our preliminary data and 
previously published observations (Grismer, 2011b) suggest 
the presence of at least two morphologically distinct lineages 
within L. vittigera sensu stricto. Morphological examination of 
the type series of Leiolopisma pranensis Cochran, 1930 
suggests that this taxon is more closely related to L. 
microcercus stat. nov. rather than to L. vittigera sensu stricto, 
as suggested earlier (Smith, 1935; Taylor, 1963). However, 
samples from western and northern Thailand were lacking in 
our analysis. The phylogenetic position and taxonomic status 
of Lipinia populations from mainland Thailand and Myanmar 
require further molecular and morphological studies. We 
assume that the geographic border between the ranges of L. 
vittigera sensu stricto and other members of the species 
complex in Indochina probably coincides with the Isthmus of 
Kra; however, this assumption needs to be verified by further 
studies. Lipinia microcercus stat. nov. is assumed to be the 
most widespread Lipinia species in Indochina. However, while 
its range in Vietnam and Cambodia is well documented, its 
distribution in Thailand and Laos requires further study. 

Our preliminary research revealed the presence of three 
distinct mtDNA lineages within Lipinia trivittata sp. nov., 
corresponding to populations from Cambodia, Phu Quoc, and 
mainland Vietnam (Figure 3). Though the ranges of the three 
species in the L. vittigera species complex recorded in 
Indochina are largely overlapping, none have yet been found 
in sympatry. In KPWS in Cambodia, L. microcercus stat. nov. 


and Lipinia trivittata sp. nov. were recorded in different 
sectors of the WS, ca. 60 km from each other. In the Langbian 
Plateau, records of L. microcercus stat. nov. (from Bao Loc) 
and Lipinia trivittata sp. nov. (from Loc Bao) are separated by 
a distance of ca. 45 km. Future research is needed to clarify 
the actual distribution patterns and habitat preferences of 
Indochinese Lipinia species as well as possible sympatry. 

Our study raises the total number of Lipinia species known 
for mainland Southeast Asia to six. This underscores that 
many widely distributed lizard species in Indochina actually 
represent species complexes (Grismer et al., 2012, 2018; 
Murdoch et al., 2019 and references therein). Our work 
provides further evidence that the herpetofaunal diversity of 
Indochina is currently underestimated. As deforestation and 
habitat destruction are progressing at an increasing rate in 
Southeast Asia (Meyfroidt & Lambin, 2008), further 
herpetological surveys and taxonomic expertise are urgently 
needed to catalog its biodiversity before elimination. 


Key to species of Lipinia Gray, 1845 from mainland 
Southeast Asia 

The following preliminary key can be used as a guide for the 
identification of Lipinia species occurring in mainland 
Southeast Asia and its offshore islands. 

1a) Dorsum uniformly brown, outer ear opening covered with 


scales ELE eT eee TT eee CTT LTTE eee e EET eT TTT eee eee cree ee 2 
1b) Dorsum bearing light middorsal stripe, flanked by two 
dark paravertebral stripes ee eie:6 6 86.06 aoe wb eon ee easiedelete eels eee ee 3 


2a) 56 paravertebral scale rows; 65 ventral scale rows; 10 
subdigital lamellae under finger IV; 15 subdigital lamellae 
under toe IV; subcaudals slightly enlarged -+-+++++++++++++++ 
SE SoC L. sekayuensis from Peninsular Malaysia 

2b) 64-65 paravertebral scale rows; 75 ventral scale rows; 
13-14 subdigital lamellae under finger IV; 17-20 
subdigital lamellae under toe IV; subcaudals not enlarged 

sreseneey L. surda from Peninsular Malaysia and islands of 


Seribuat Archipelago 
3a) Lateral dark stripe on trunk continuous line or row of 
larger dark sports TUTTE TTETLTTT CCC TELE T ELITE OTe Terre eee rere ee! 4 


3b) Lateral dark stripe on trunk absent; middorsal light stripe 
broad (two scales wide at midbody); 15-16 subdigital 
lamellae under finger IV; no distinct dark or light stripes 
present ON trUNKk<::+sreeseeee reeset eee ee eee t eee eee e eee ee eee e eee tees 
eeesos L. vittigera sensu stricto from Peninsular Malaysia, 
Southern Thailand (south of Isthmus of Kra), Mentawai 
Islands, Sumatra, and Borneo 
4a) Width of paravertebral dark stripes subequal to middorsal 


light stripe eosssscssoessosesssososssosessessocescesoossssessooosssseeso 5 
4b) Paravertebral dark stripes broader than middorsal light 
stripe bosesoosossssoesoossososoosssocosoessoesossosossseosocoooossoessoo 


saeeecees L. microcercus stat. nov. from southern Vietnam, 

Cambodia, and Thailand 

5a) Lateral dark stripe and ventrolateral dark stripe dissolving 

into series of distinct dark spots, present between axilla 
and groin; 19-21 subdigital lamellae under toe IV += 

malting dieeineies Lipinia vassilievi sp. nov. from central Vietnam. 

5b) Lateral dark stripe on trunk not reaching groin, distinct on 


anterior third of trunk, dissolving into faint, indistinct spots 
on second third of trunk; 29-33 subdigital lamellae under 

toe IV TETULCIRT TCLS TE CLTCLCT ETE CREEL Se COTE Eee eee ee 
teeeeenes Lipinia trivittata sp. nov. from southern Vietnam, 
Cambodia and eastern Thailand 
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urn: Isid: zoobank. org: act: 85FOD2A2-1794-4AA5-98F2- 
14EEC8DDEEQ9D. 

Lipinia vassilievi LSID: 

urn: Isid: zoobank. org: act: C57629D5-D4C5-4FF9-BDOA- 
D4006499F 1B5. 


SCIENTIFIC FIELD SURVEY PERMISSION INFORMATION 


Fieldwork in Vietnam was funded by the Joint Russian- 
Vietnamese Tropical and Technological Center (JRVTTC) and 
was conducted under permission of the Department of 
Forestry, Ministry of Agriculture and Rural Development of 
Vietnam (permit numbers 170/TCLN-BTTN, issued 7 
February 2013; 831/TCLN-BTTN, issued 5 July 2013; 400/ 
TCLN-BTTN, issued 26 March 2014; 547/TCLN-BTTN, issued 
21 April 2016, 432/TCLN-BTTN, issued 30 March 2017). 
Forest Protection Departments of the Peoples’ Committee of 
Local Administration provided permits for fieldwork and 
sample collection (Gia Lai Province: permit numbers 1951/ 
UBND-NV, issued 4 May 2016, and 142/SNgV-VP, issued 11 
April 2017; Lam Dong Prov.: No. 5832/UBND-LN, issued 22 
October 2012). In Cat Tien NP, fieldwork was conducted in 
accordance with Agreement No. 37/HD on the scientific 
cooperation between Cat Tien NP and JRVTTC; in Bu Gia 
Map NP, fieldwork was conducted in accordance with 
Agreement No. 137/HD NCKH of 23 June 2010 on the 
scientific cooperation between Bu Gia Map NP and JRVTTC. 
In Thailand, specimens collection protocols were approved by 
the Institutional Ethical Committee of Animal Experimentation 
of the University of Phayao (certificate number 610104022); 
specimens were collected under approval from the Institute of 
Animal for Scientific Purposes Development (IAD), which 
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issued fieldwork permission (No. U1-01205-2558) in Thailand 
and export permits. In Kulen Prum Tep WS and Phom Kulen 
NP, fieldwork was conducted in accordance with GDANCP/ 
MoE no: 277. 
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APPENDIX | 


Material examined morphologically. 

Lipinia vittigera sensu stricto: 

(1) MSNG 55855, Indonesia, West Sumatra, Mentawai Isl., male (holotype of Lygosoma vittigerum Boulenger, 1894); (2) ZFMK 
48542, Malaysia, Penang, Penang Isl., male; (3) ZMMU R14477, Thailand, Surat Thani, Phanom Dist., male. 

Lipinia microcercus stat. nov.: 

(4) USNM 75591, Thailand, Prachuap Khiri Khan, Pran, male (holotype of Leiolopisma pranensis Cochran, 1930); (5) USNM 
76850, Thailand, Chiang Mai, Doi Angka, male (paratype of Leiolopisma pranensis Cochran, 1930); (6) SMF 14593, Vietnam, 
Quang Nam, Phuoc Son, male (holotype of Lygosoma microcercum Boettger, 1901); (7) FMNH 196010, "peninsular Siam", male 
(paratype of Lygosoma vittigerum kronfanum Smith, 1922; field number M.A. Smith 4514); (8) ZFMK 90339, Cambodia, Siem 
Reap, Phnom Kulen NP, juvenile; (9) ZMMU R10962, Cambodia, Kampong Speu, Kirirom NP, male; (10) ZFMK 88968, Vietnam, 
Dong Nai, Cat Tien NP, male; (11) ZFMK 88869, Vietnam, Dong Nai, Cat Tien NP, female; (12) ZMMU R11475-1, Vietnam, Dong 
Nai, Cat Tien NP, female; (13) ZMMU R11475-2, Vietnam, Dong Nai, Cat Tien NP, juvenile; (14) ZMMU R11475-3, Vietnam, Dong 
Nai, Cat Tien NP, juvenile; (15) ZMMU R13599-9, Vietnam, Dong Nai, Cat Tien NP, male; (16) ZMMU R13599-74, Vietnam, Dong 
Nai, Cat Tien NP, male; (17) ZMMU R7528, Vietnam, Dong Nai, Ma Da (Vinh Cuu), male; (18) ZMMU R13337, Vietnam, Dong Nai, 
Cat Tien NP, male; (19) ZMMU R13843, Vietnam, Dong Nai, Ma Da (Vinh Cuu), female; (20) ZMMU R8319, Vietnam, Lam Dong, 
Bao Loc, female; (21) ZMMU R11184, Vietnam, Lam Dong, Cat Loc NR, female; (22) ZMMU R11165, Vietnam, Tay Ninh, Lo Go- 
Xa Mat NP, juvenile; (23) ZMMU R11178, Vietnam, Tay Ninh, Lo Go-Xa Mat NP, juvenile; (24) ZMMU R13698, Vietnam, Dak Lak, 
Yok Don NP, female; (25) ZMMU NAP-04318, Vietnam, Dak Lak, Yok Don NP, female; (26) ZMMU R4613-1, Vietnam, Gia Lai, 
Buon Luoi, female; (27) ZMMU R4613-2, Vietnam, Gia Lai, Buon Luoi, male; (28) ZMMU R4613-3, Vietnam, Gia Lai, Buon Luoi, 
male; (29) ZMMU R4613-4, Vietnam, Gia Lai, Buon Luoi, male. 

Lipinia trivittata sp. nov.: 

(30) ZMMU R13449, Vietnam, Binh Phuok, Bu Gia Map NP, male (paratype); (31) ZMMU R13934-112, Vietnam, Lam Dong, Loc 
Bao, male; (32) ZMMU R13934-101, Vietnam, Lam Dong, Loc Bao, juvenile; (33) ZMMU R13920-56, Vietnam, Dak Lak, Chu Yang 
Sin NP, male (paratype); (34) ZMMU R13920-58, Vietnam, Dak Lak, Chu Yang Sin NP, female, (holotype); (35) ZMMU R13920-57, 
Vietnam, Dak Lak, Chu Yang Sin NP, male (paratype); (36) ZMMU R13920-55, Vietnam, Dak Lak, Chu Yang Sin NP, male 
(paratype); (37) ZMMU R15199, Vietnam, An Giang, Nui Cam, male; (38) ZFMK 90419, Cambodia, Preah Vihear, Kulen Prum Tep 
NP, male. 

Lipinia vassilievi sp. nov.: 

(39) ZMMU R14604, Vietnam, Kon Tum, Chu Mom Ray NP, male (holotype). 
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ABSTRACT 


Information flow between the prefrontal and visual 
cortices is critical for visual behaviors such as visual 
search. To investigate its mechanisms, we 
simultaneously recorded spike and local field 
potential (LFP) signals in the frontal eye field (FEF) 
and area V4 while monkeys performed a free-gaze 
visual search task. During free-gaze search, spike- 
LFP coherence between FEF and V4 was enhanced 
in the theta rhythm (4-8 Hz) but suppressed in the 
alpha rhythm (8-13 Hz). Cross-frequency couplings 
during the Cue period before the search phase were 
related to monkey performance, with higher FEF 
theta-V4 gamma coupling and lower FEF alpha-V4 
gamma coupling associated with faster search. 
Finally, feature-based attention during search 
enhanced spike-LFP coherence between FEF and 
V4 in the gamma and beta rhythms, whereas overt 
spatial attention reduced coherence at frequencies 
up to 30 Hz. These results suggest that oscillatory 
coupling may play an important role in mediating 
interactions between the prefrontal and visual 
cortices during visual search. 


Keywords: Synchronization; Frontal eye field (FEF); 
V4; Visual search 


INTRODUCTION 


Visual search, which incorporates active scanning of the 





Open Access 

This is an open-access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http:// 
creativecommons. org/licenses/by-nc/4.0/), which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Copyright ©2019 Editorial Office of Zoological Research, Kunming 
Institute of Zoology, Chinese Academy of Sciences 


394 Science Press 


visual environment for a particular object (target) among other 
objects (distracters), is important in our daily life. Its neural 
mechanisms have been investigated extensively in the visual 
cortex, including the V1 (Dougherty et al., 2017; Spaak et al., 
2012), V2 (Huang et al., 2018), and V4 (Mazer & Gallant, 
2003; Motter, 2018); inferior temporal cortex (IT) (Mruczek & 
Sheinberg, 2007); oculomotor areas, including the frontal eye 
field (FEF) (Mirpour et al., 2018), lateral intraparietal area 
(LIP) (Ong et al., 2017), supplementary eye field (SEF) 
(Purcell et al., 2012), and superior colliculus (SC) (Reppert et 
al., 2018); and other cortical areas such as the dorsal lateral 
prefrontal cortex (dIPFC) (Katsuki & Constantinidis, 2012). 
Although many studies have focused on individual brain 
areas, few studies have investigated the interactions among 
these areas in visual search (Buschman & Miller, 2007; Ibos 
et al., 2013; Sapountzis et al., 2018; Zhou & Desimone, 2011). 

Oscillation coupling is an important mechanism underlying 
neuronal interactions among brain regions (Salinas & 
Sejnowski, 2001; Zanos et al., 2018). A number of studies 
have shown that coherence across brain areas mediates 
important brain functions, such as selective attention (Das & 
Ray, 2018; Mock et al., 2018; Zhou et al., 2016), learning and 
memory (Liebe et al., 2012), decision-making (Amemiya & 
Redish, 2018; Pesaran et al., 2008), and sensory-motor 
processes (Yanagisawa et al., 2012). For example, covert 
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spatial attention causes spike and local field potential (LFP) 
coherence to increase at the gamma band but to decrease at 
low frequency between the V4 and FEF (Gregoriou et al., 
2009, 2012). During visual search, attention enhances spike- 
LFP coherence at the gamma frequency in V4 (Bichot et al., 
2005), and LFP-LFP coherence at beta frequency between 
the prefrontal and posterior parietal cortices (Buschman & 
Miller, 2009). To the best of our knowledge, however, the role 
of coherence between the prefrontal and visual cortices during 
free-gaze visual search remains unknown. 

In addition to phase coherence, cross-frequency phase- 
amplitude coupling, which measures the coupling of two 
oscillations with different frequencies, has also been proposed 
as a mechanism underlying coordination of neural activity 
across different brain regions (Canolty & Knight, 2010; 
Sweeney-Reed et al., 2014). Theta-gamma coupling, in which 
the phase of theta oscillation biases the power of the gamma 
waves, is the most common pattern found among cross- 
frequency couplings. Gamma power can also be modulated 
by alpha (Osipova et al., 2008), beta (Richter et al., 2017), 
and delta oscillations (Whittingstall & Logothetis, 2009). These 
cross-frequency couplings observed within brain areas are 
involved in multi-unit spike firing (Whittingstall & Logothetis, 
2009) and attentional selection (Lakatos et al., 2008). Thus 
far, however, the role of cross-frequency coupling among 
different brain regions, such as the prefrontal and visual 
cortices, has not been investigated during free-gaze visual 
search. 

In the current study, we recorded multi-unit and LFP signals 
in the FEF and V4 simultaneously while monkeys performed a 
free-gaze visual search task. We examined spike-LFP 
coherence and cross-frequency phase-amplitude coupling in 
the two brain regions. 


MATERIALS AND METHODS 


General procedures 

This study was carried out in strict accordance with the 
guidelines for the National Care and Use of Animals (China) 
as approved by the Institutional Animal Care and Use 
Committee (IACUC) of the Shenzhen Institutes of Advanced 
Technology, Chinese Academy of Sciences (approval ID: SIAT- 
IRB-160223-NS-ZHH-A0187-003). 

Two male rhesus monkeys (Macaca mulatta) weighing 11- 
15 kg were implanted under aseptic conditions with a post to 
fix the head and two recording chambers, one over the FEF 
and one over the V4 area. The location coordinates were 
obtained based on magnetic resonance imaging (MRI) scans. 
Visual stimulation and behavioral control were performed 
using Cortex software. 


Visual stimuli and tasks 

We used a feature-based attention paradigm (see details in 
Zhou & Desimone (2011)) in the present study. Briefly, a cell's 
receptive field (RF) and stimulus selectivity were first mapped 
using a memory-guided saccade task, with a stimulus flashed 
in one of 20 positions on the search array used in the visual 


search task. In the task, the monkeys exhibited fixation on a 
central spot for 400 ms. A central cue identical to the search 
target was then presented for 200-2 500 ms randomly, 
followed by a search array with 20 stimuli. After the onset of 
the array, the monkeys had 4 s to find the target identical to 
the central cue. There were 64 stimuli in this experiment, 
which were combinations of one of eight colors and one of 
eight shapes. Each stimulus was 1.1°*1.1°. 


Recording 

Multi-unit spikes and local field potentials (LFPs) were 
recorded from the FEF and V4 simultaneously using a 
Multichannel Acquisition Processor system (Plexon_ Inc, 
Dallas, USA). Up to four tungsten microelectrodes (FHC Inc., 
Bowdoin, USA) were used in each area. Electrodes within an 
area were spaced 650 or 900 um apart. Neural signals were 
filtered between 250 Hz and 8 kHz, amplified and digitized at 
40 kHz to obtain spike data, and filtered between 0.7 and 
170 Hz to obtain LFP signals. In both monkeys, we electrically 
(<50 uA) stimulated the FEF and elicited eye movements. Eye 
movements were recorded by an infrared eye tracking system 
(Eye Link Il, SR Research Ltd. Ontario, Canada) at a 
sampling rate of 500 Hz. 


Data analysis 

Recording sites that showed a significant visual response 
(Wilcoxon rank-sum test, P<0.05) were included for analysis. 
The interval used for statistical comparisons was 50 to 250 ms 
after stimulus onset for the post-stimulus period and —200 to 
0 ms before stimulus onset for the pre-stimulus period. Firing 
rates were calculated with 10 ms non-overlapping bins. 

The LFP signals were pre-processed for removal of the 
powerline artifact and phase correction. The powerline artifact 
was removed as described in our previous study (Fries et al., 
2008). For each LFP epoch of interest, we took a 10 s epoch 
out of the continuous signal with the epoch of interest in the 
middle and calculated the discrete Fourier transform (DFT) of 
the 10 s epoch at 60 Hz without any tapering. We then 
constructed a 60 Hz sine wave with the amplitude and phase 
as estimated by the DFT and subtracted this sine wave 
(estimated powerline artifact) from the 10 s epoch. LFP phase 
shifts through the headstage and preamplifier were corrected 
as described before (Gregoriou et al., 2009). Briefly, 
sinusoidal signals of known frequencies (from 0.5 Hz to 
400 Hz) were injected into two channels, one through the 
headstage and preamplifier used in the recordings and one 
going directly to an A/D channel with no filtering. 

The mean phase difference between the two signals was 
calculated for each frequency using the Hilbert transform and 
filter response function was determined. The empirically 
derived digital filter was applied to the recorded data in time 
reverse order to cancel potential time delays caused by the 
original filters. We also used the utility program provided by 
Plexon Inc (USA) to correct for any filter-induced time delays 
(FPAlign, www. plexoninc.com). Results from the two methods 
were similar. 

We used different tapers for analysis of low and high 
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frequencies as described in earlier research (Fries et al., 
2008). For frequencies up to 25 Hz, we used a single Hanning 
taper and applied fast Fourier transform to the Hanning- 
tapered trials. For frequencies beyond 25 Hz, we used multi- 
taper methods to achieve the optimal spectral concentration 
(Jarvis & Mitra, 2001; Mitra & Pesaran, 1999; Pesaran et al., 
2002). All coherence calculations used data from the two 
different electrodes to preclude the possibility that spikes 
contributed to the LFPs recorded on the same electrode. 

To investigate how visual search influenced the interactions 
between the FEF and V4, we calculated coherence during a 
‘Cue’ period and 'Search' period. The Cue period was from 
150 ms after cue onset to search array onset and the Search 
period was 150 ms after search onset to 150 ms after fixation 
on the target. Minimum data length for analysis was 500 ms. 
The trial number and length of data for the two periods were 
equalized to eliminate possible bias from differing sample 
sizes. 

To isolate the effects of feature-based attention, we divided 
fixation during the Search period into 'Target' and 'Distracter'. 
During the Target-in-RF fixations, a searched-for target with at 
least one preferred feature of the recorded site was in its RF. 
During the Distracter-in-RF fixations, no stimulus sharing color 
or shape with the target was in the RF. To avoid the influence 
of saccades, only fixations followed by a saccade away from 
the RF were included for analysis. We also matched the 
stimuli in the RF across two compared conditions using the 
method described in our previous study (Zhou & Desimone, 
2011). If the RF contained only one of the 20 stimuli in the 
search array, we selected fixation periods in which the 
stimulus in the RF was the same in the two compared 
conditions. If the RF contained more than one stimulus, we 
first selected fixation periods in which the RF contained only 
one stimulus that shared at least one stimulus feature with the 
target in the attended conditions, with no other stimuli in the 
RF sharing any feature with the target. We then selected no- 
share fixations with the same stimulus as the stimulus with the 
target feature for the attended trials in the same location in the 
RF. Only matched trials were included for analysis. Coherence 
was calculated in a 200 ms time window starting from the 
onset of the Target-in-RF or Distracter-in-RF fixations. To 
eliminate the effect of spike number on coherence measures, 
we first calculated coherence after randomizing the LFPs and 
spike trains across fixations within the Target-in-RF and 
Distracter-in-RF fixations. As coherence can include bias 
caused by spike number, we subtracted coherences from 
coherences calculated without randomization, respectively. 

To isolate the effects of overt spatial attention or saccade 
selection, we compared coherences during 'Saccade to RF' 
and 'Saccade out of RF' fixations. During a Saccade to RF 
fixation, the saccade following fixation was toward the RF. 
During a Saccade out of RF fixation, the saccade following 
fixation was away from the RF. We selected fixations and kept 
the stimulus in the RF, in which the saccade ended following 
the Saccade to RF fixation, the same as the stimulus in the 
same location in the RF during the Saccade out of fixation. 
Coherences were calculated in a 200 ms time window starting 
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from the onset of the two types of fixations. To eliminate the 
effect of spike number on coherence, we also calculated 
coherences after randomizing the LFPs and spike trains 
across fixations within the Saccade to RF and Saccade out of 
RF fixations and subtracted them from the coherences 
calculated without randomization, respectively. 

To investigate the role of cross-frequency coupling in visual 
search, we divided trials into 'Fast search' and 'Slow search’. 
In Fast search trials, monkeys took one saccade to find the 
target. In Slow search trials, monkeys took at least three 
saccades to find the target. Theta phase-gamma power and 
alpha phase-gamma power cross-frequency couplings in the 
Cue period of Fast and Slow search trials were calculated and 
compared. In all selected trials, cell RFs were located at the 
peripheral regions of the screen, therefore the cue was not in 
the RF. Trial number and length of data for the two conditions 
were equalized to eliminate possible bias from differing 
sample sizes. 

For theta-gamma cross-frequency couplings, we used a 
similar method as described previously (Canolty et al., 2006). 
Using a two-way least-squares FIR filter (eegfilt.m from the 
EEGLAB toolbox), the raw LFP signal was separated into 
bands with center frequencies ranging from 30 Hz to 50 Hz, in 
2 Hz steps with 4 Hz bandwidths. This created a set of band- 
pass filtered signals. Each of these signals was normalized by 
subtracting the temporal mean and dividing by the temporal 
standard deviation to create a set of normalized band-passed 
signals. This normalization was used to facilitate comparison 
between different frequency bands. Hilbert transform was 
applied to calculate the instantaneous amplitude and power of 
each normalized band-pass signal. Epochs (500 ms) centered 
on the time points of theta troughs were extracted from the 
power time series and averaged within each band across 
trials to produce the theta  trough-triggered mean 
instantaneous power across gamma frequencies. To detect 
the theta trough, the raw LFP signals were 4—8 Hz band-pass 
filtered by the FIR filter. Hilbert transform was applied to 
calculate the instantaneous phases of the theta band. The 
theta trough was identified as the time point where the phase 
value was larger by more than five radians than the phase 
value of its following time point. 

To quantify amplitude modulation by phase, we calculated a 
modulation index (M/) using a similar method as Tort et al. 
(2008). Instantaneous gamma power across 30-50 Hz was 
averaged and binned into 18 groups based on its associated 
theta phase (0-360 deg, 20 deg/bin). Gamma power within 
each bin was averaged. We denoted P(j) as the mean gamma 
power at bin j. We then applied the entropy measure H, 
defined by: 


N 
Hes araog) (1) 
where, N=18 (number of bins) and fi) is given by: 
ray: PL) _ (2) 


yh) 


MI is finally obtained by normalizing H by the maximum 
possible entropy value (Hmax) obtained for uniform 


distribution f(j)=1/N (hence Hmax is logN): 
MI = —= 3 
Bo ( ) 


A MI value of O indicates a lack of phase-to-amplitude 
modulation and larger MI values represent stronger phase-to- 
amplitude couplings. To assess the statistical significance of 
the MI values, we calculated 200 surrogate MI values after 
shuffling gamma power and theta phase time series across 
trials. We subsequently calculated the MI value and 
permutation distribution to determine what percentage of data 
points in the permutation distribution was equal to or greater 
than the observed MI value (P). 

To compare couplings between Fast and Slow conditions, 
we first calculated MI based on the data of population 
averages. Hilbert transform was applied to the population 
average of the theta trough-triggered LFPs to calculate the 
instantaneous theta phase. The population average of gamma 
power was averaged across 30-50 Hz and binned into 18 
groups based on the theta phase. We calculated the 
differences between MI values in the two conditions (AMI_,,= 
Mlkas—~Mlsiow). We then repeated the resampling process 1 000 
times and obtained the generated distribution of 1 000 values 
of AMI. Finally, we determined the percent of AMIs that are 
equal to or larger than the MI difference we actually observed 
(AMlsa) in the 1 000 generated AMIs (P). The absolute 
values of the MI differences were used in the above 
comparison. 

We also calculated the alpha-gamma cross-frequency 
couplings. Hilbert transform was applied to the alpha (8- 
13 Hz) band of the LFP signals to calculate the instantaneous 
phases of this band. All other analyses, including alpha trough 
identification, data averaging, MI calculation, and statistics, 
were the same as those used for theta-gamma couplings. 


max 


RESULTS 


Spike-LFP coherences during Cue and Search periods 

Spike-LFP coherence is considered an important mechanism 
underlying neuronal interactions across brain regions (Zanos 
et al., 2018). The influence of brain functions on neuronal 
interactions can be reflected by changes in spike-LFP 
coherence (Das & Ray, 2018; Zhou et al., 2016). To 
investigate how visual search influenced the interactions 
between FEF and V4, we used multi-taper spectral methods 
to calculate spike-LFP coherences between the two areas and 
during Cue and Search periods in the visual search task. 
During the Cue period, V4 spikes and FEF LFPs showed peak 
coherence in the alpha rhythm (8-13 Hz; Figure 2A). In 
contrast, during the Search period, V4 spikes and FEF LFPs 
showed peak coherence in the theta rhythm (4-8 Hz) (Figure 
2A). Furthermore, the FEF spike-V4 LFP coherences showed 
similar changes to the V4 spike-FEF LFP coherences during 
the two periods (Figure 2B). These data illustrated distinct 
patterns of oscillation coupling during the Cue and Search 
periods in the FEF and V4. In the Cue period, coherence 
dominated in the alpha rhythm, whereas, in the Search period, 


A Free-gaze visual search task 
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Figure 1 Task and recording sites 

A: Illustration of visual search task. After center fixation for 400 ms, the 
monkeys were presented with a central cue identical to the searched- 
for target. The cue stayed on for 200-2 500 ms randomly, after which 
a search array with 20 stimuli was presented, and the center cue was 
replaced by the center fixation spot. Monkeys were allowed to make 
saccades after array onset and had 4 s to find the target. Monkeys had 
to fixate the target stimulus for 700 ms continuously to receive a juice 
reward. B: Illustration of simultaneous recording sites in FEF and V4. 


coherence dominated in the theta rhythm. 

Spike-LFP coherences within brain regions were also 
calculated. In the V4, the spike-LFP coherence during the Cue 
period was significantly stronger than the coherence during 
the Search period in the alpha rhythm, but significantly weaker 
in the theta rhythm (Figure 2C; Wilcoxon signed rank test, P< 
0.05). Furthermore, in the FEF, coherence during the Cue 
period was significantly stronger than coherence during the 
Search period in the alpha band (Figure 2D; P<0.05), but not 
significantly different in the theta band (Figure 2D; P>0.05). 


Cross frequency couplings during Cue period and search 
behaviors 

Cross-frequency coupling has been implicated as a 
mechanism for coordinating local activities in different areas in 
cortical operations (Canolty & Knight, 2010). To examine the 
functional role of cross-frequency couplings in visual search, 
we calculated and compared the cross-frequency couplings 
(theta phase-gamma power and alpha phase-gamma power) 
in the Cue period during Fast search and Slow search trials. 
Figure 3A and B show the population averages of FEF theta- 
V4 gamma couplings in the Fast and Slow search trials, 
respectively. The population average was significantly 
stronger in the Fast search trials than in the Slow search trials 
(Figure 3C, two-sided permutation test, P<0.05). The 
population averages of the theta trough-triggered FEF LFPs 
were the same in the Fast and Slow search trials (Figure 3C), 
indicating that coupling changes could not be explained by 
FEF theta power changes in the two trials. M/ was used to 
quantify amplitude modulation by phase. Figure 3D shows the 
MI values from the two types of trials. There were no 
significant differences between MI values in the Fast and Slow 
search trials (Wilcoxon signed rank test, P>0.05), suggesting 


Zoological Research 40(5): 394-403, 2019 397 


Coherence 
Coherence 












4 1 0 1 l L_J L 0 
15 25 "20 40 60 80 100 0045 J5 25 20 40 60 80100 














Frequency (Hz) Frequency (Hz) 
Cc D 
0.4 0.4 0.31 0.37 
| 0.27 0.2 
gM g 
5 02 \ 0.2 5 A 
5 $ 2 a anaes 
G A 7 20 l co. OAT 
Peet. ES O ese 
0 0 I —— 0H 1 ). SS 1 j 
5 15 25 20 40 60 80 100 5 15 25 20 40 60 80 100 


Frequency (Hz) Frequency (Hz) 


— Search period 
=-=- Cuc period 
Figure 2 Spike-LFP coherences during Cue and Search periods 
A: Population averages of V4 spike-FEF LFP coherences during Cue and Search periods. B: Population averages of FEF spike-V4 LFP 


coherences. C: Population averages of V4 spike-V4 LFP coherences. D: Population averages of FEF spike-FEF LFP coherences. SEM of 
population averages are marked by shading above and below averages. 


> 


B Permutation test 


P<0.05 


A 





1.05 2.02 


— 
_ © 
A 

N 


1.98 


50 2.05 \ | 
-0.02 — Bo 
40 -200-100 © 100 200 
Time from trough (ms) 
30 195 D x10” 


0.022 -m 00 0 
-200-100 0 100 200 -200 -100 0 100 200 0 


Time from trough (ms) Time from trough (ms) 





p = 
SS 
SS 
= 
= 
= 
= 
= 
Normalized 
power 


Normalized 
firing rate 


© 
> 
N 

1 


© 

io 

A 
plitude (mV) 








> 
Kel 
A 


a 








Am 


Frequency (Hz) 
N 








Amplitude (mV) 

e § 

> 

e 8 

Fast search MI 

— N 
4 





0 l 2x10" 

Slow search MI 

— Fast Search 

— Slow search 
Figure 3 FEF theta-V4 gamma couplings during Cue period 
A: Population average of couplings in Fast search trials. Low: Population average of FEF theta trough-triggered average of FEF LFPs. Middle: 
Population average of normalized V4 gamma powers aligned in FEF theta trough. Up: Population average of normalized V4 firing rates aligned in 
FEF theta trough. B: Population average of couplings in Slow search trials. C: Comparison of couplings in Fast and Slow search trials. Low: 
Population average of FEF theta trough-triggered average of FEF LFPs in Fast and Slow search trials. Up: Population average of gamma powers 
(averaged across 30-50 Hz) aligned in FEF theta-trough in Fast and Slow search trials. SEM of population averages are marked by shading above 
and below averages. D: Distribution of modulation index (M/) in Slow trials (X-axis) vs. Fast trials (Y-axis). P value is based on the Wilcoxon signed 
rank test. 
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that the increased population average of coupling in the Fast 
search trials may be due to a more consistent temporal 
relationship between V4 gamma powers and the FEF theta 
phase in these trials across LFP pairs. In contrast to the FEF 
theta-V4. gamma couplings, the FEF alpha-V4 gamma 
couplings were weaker in the Fast search trials than in the 
Slow search trials (Figure 4). Together, the cross-frequency 
couplings in the Cue period were related to the monkeys' 
search behaviors, with the higher FEF theta-V4 gamma 
coupling and lower FEF alpha-V4 gamma coupling associated 
with faster search. 


Effects of attention on coherence between FEF and V4 

Feature-based attention enhances spike-LFP coherence in 
the V4 for the attended preferred stimulus (Bichot et al., 
2005). To investigate the mechanisms underlying the 
interaction between FEF and V4 during feature-based 
attention, we calculated spike-LFP coherences during fixation 
periods when a stimulus in the RF was the searched-for target 
with at least one good feature (Target-in-RF fixation) and 
when the same stimulus was in the RF, but shared nothing 
with the target (Distracter-in-RF fixation). All saccades 
following the Target-in-RF and Distracter-in-RF fixations were 
moved away from the RF to exclude the influence of spatial 
attention. The population averages of V4 spike-FEF LFP 
coherences are shown in Figure 5A. During the Target-in-RF 
fixations, the V4 spike-FEF LFP coherences were enhanced 
in the beta (~20 Hz) and gamma (~60 Hz) rhythms (Wilcoxon 
signed rank test, P<0.05), but were suppressed at low 
frequencies (<15 Hz). Similar coherence changes were also 
observed in the FEF spike-V4 LFP (Figure 5B) and V4 spike- 
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V4 LFP coherences (Figure 5C). No coherence enhancement 
at the beta and gamma frequencies was observed within the 
FEF (Figure 5D). These results suggest that gamma, beta, 
and low frequency (<15 Hz) oscillation coupling changes were 
involved in the interaction between FEF and V4 during feature- 
based attention. 

To investigate the effect of the overt spatial attention, we 
sorted the fixations based on the following saccade direction. 
Spike-LFP coherences during fixations followed by a saccade 
to the RF ('Saccade to RF') and fixations followed by a 
saccade outside of the RF (‘Saccade out of RF') were 
calculated and compared. As shown in Figure 6, the main 
effect was de-synchronization at frequencies up to 30 Hz 
(Wilcoxon signed rank test, P<0.05) under the Saccade to RF 
condition compared to the Saccade out of RF condition, 
suggesting that overt spatial attention desynchronized the 
oscillation coupling between FEF and V4 at low frequencies 
(<30 Hz). 


DISCUSSION 


Although neural mechanisms in the visual cortex, including 
the V4, IT, and prefrontal cortex, have been investigated 
extensively, the interactions among brain regions in visual 
search remain unclear. In this study, we simultaneously 
recorded neuronal activities in lower (V4) and higher cortical 
areas (FEF) while monkeys performed a visual search task. 
We showed that oscillation couplings between the two regions 
were selectively enhanced in the theta, beta, and gamma 
bands, but suppressed in the alpha band during the task. 
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Our results also showed that the dominant spike-LFP 
coherence between the FEF and V4 changed from the alpha 
rhythm during the Cue period to the theta rhythm during the 
Search period, suggesting that visual search enhanced spike- 
LFP coherence between the two regions in the theta band, but 
suppressed it in the alpha band. As saccades occurred during 
the Search period, they may also facilitate the dominant- 
coherence change. Neurophysiological studies suggest that 
changes in oscillation couplings occur to attain specific 
functional roles. For example, desynchronized alpha band 
oscillations (O'Connell et al., 2009) are considered as possible 
mechanisms to promote top-down attention, and gamma-band 
synchronization (Fries, 2015) is generally associated with 
bottom-up stimulus salience. These neural activities can be 
used to predict behavior. By recording the activities of V4 
neurons when monkeys performed a change-detection task, 
Womelsdorf et al. (2006) found a positive relationship 
between the degree of gamma-band synchronization and 
monkey reaction time to stimulus change. Moreover, Dezfouli 
et al. (2018) found reaction time to be positively correlated 
with the amplitude of the LFPs long before (>2 s) a behavioral 
response. In addition, in multi-region electrophysiological 
studies, visual attention is reportedly related to reduced alpha 
oscillations between V1 and LGN (Bollimunta et al., 2011; 
Mock et al., 2018) and enhanced theta rhythm between V4 
and TEO (Spyropoulos et al., 2018). In the present study, we 
extend previous findings by showing suppressed alpha and 
enhanced theta rhythms between FEF and V4 during the 
Search period, which thus promote our understanding of 
corticocortical communication. 

In addition to spike-LFP phase coupling, we found that 
cross-frequency couplings during the Cue period play a key 
role in regulating monkey search behaviors, with the higher 
FEF theta-V4 gamma coupling and lower FEF alpha-V4 
gamma coupling associated with faster search. In the visual 
system, oscillations in the gamma-frequency are thought to 
subserve between-area coordination (Bollimunta et al., 2011). 
Several cross-frequency studies have reported gamma power 
to be modulated with theta phase. For example, in an 
electrophysiological experiment, successful attention shift was 
accompanied by robust increases in theta-gamma_ phase- 
amplitude correlation between the anterior cingulate and 
prefrontal cortex (Voloh et al., 2015). Increased theta-gamma 
coupling during spatial attention was also observed within the 
frontoparietal network (Fiebelkorn et al., 2018). As with these 
studies, previously described theta-gamma increase in the 
human visual cortex during spatial attention is related to 
improved behavioral performance (Landau et al., 2015). 
Similar to these results, the present data suggest that an 
increase in theta-gamma coupling is associated with 
enhanced visual search. Recently, however, selective 
attention related to theta-gamma coupling in the visual cortex 
has been reported (Spyropoulos et al., 2018). By recording 
neural activities in the MT area, Esghaei et al. (2015) reported 
a spatial attentional suppression of couplings between low- 
frequencies oscillation (1-8 Hz) and gamma (30-120 Hz) 
power. This spatial attention-related decrease in coupling 


contrasts with our present results. This discrepancy may be 
due to the different tasks used in the two papers (Esghaei et 
al., 2015; Spyropoulos et al., 2018) and the present study. The 
previous studies on spatial attention applied two or three 
moving stimuli around the moving cue, and one stimulus 
overlap neuron receptive field. In the present study, however, 
there was no stimulus around the cue. Furthermore, the 
location of the target was unknown before the appearance of 
the search array containing 20 stimuli and monkeys had to 
focus on the feature property of the cue to find the target 
(feature-based attention). In addition, the above studies 
differed from our research in regard to the theta-gamma 
coupling relationship. The previous studies described a 
relationship between spatial attention and decreased theta- 
gamma coupling in the visual cortex, whereas we described a 
relationship between visual search behavior and increased 
theta-gamma couplings between the FEF and V4. Thus, future 
research is needed to clarify the above differences. Overall, 
we reported that gamma modulated with theta and alpha 
phases during the Cue period facilitated monkey search 
behavior. Thus, cross-frequency coupling occurred between 
the FEF and V4 for transmission of sensory inputs to motor 
responses. 

Feature-based attention is a process of focusing on a 
specific attribute of an object. Studies examining the neural 
mechanisms of feature-based selection signals have found 
that attention to target features enhances responses to stimuli 
that share the target features in the ventral pre-arcuate (VPA) 
region of the prefrontal cortex, FEF, LIP, and V4 (Bichot et al., 
2005, 2015; Ruff & Born, 2015). Moreover, when monkeys 
performed a task allocating attention to a color or motion 
signal of a moving stimulus, Katzner et al. (2009) reported a 
clear modulation of feature-based attention on the activities of 
MT neurons, which initially showed poor tuning for the object 
feature (color). This feature enhancement is actually used to 
select stimuli, or find a target, during visual search (Zhou & 
Desimone, 2011). In the FEF and V4, neurons synchronize 
their activity in the gamma frequency range during spatial 
attention (Gregoriou et al., 2009). In the present study, we 
demonstrated that these areas play similar roles during 
feature-based attention, as enhanced spike-LFP coherences 
in the gamma and beta bands and suppressed spike-LFP 
coherences at lower frequencies were observed between the 
FEF and V4. 

By investigating the interactions between the FEF and V4, 
we demonstrated that selectively enhanced and suppressed 
oscillation couplings in different bands between the two 
regions were important for visual search. Moreover, we 
showed that feature-based attention modulated these 
couplings, thus providing insight into how visual and 
cognitive signals are communicated between neuronal 
populations. 
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ABSTRACT 


Classical Fc receptors (FcRs) mediate the binding to 
and recognition of the Fc portion of antibodies and 
play an important role during immune responses in 
mammals. Although proteins similar to soluble FcRs 
have been identified in fish, little is known about the 
role of such proteins in fish immunity. Here, we 
cloned a cDNA sequence encoding a soluble Fc 
receptor for an immunoglobulin G (FcyR) homolog 
from ayu (Plecoglossus altivelis) (PaFcyRI). The 
predicted protein was composed of two 
immunoglobulin C2-like domains but lacked a 
transmembrane segment and a cytoplasmic tail. The 
PaFcyRI transcripts were distributed at low levels in 
all tested tissues, but significantly increased after 
Vibrio anguillarum infection. The PaFcyRI protein 
was expressed in the head kidney, trunk kidney, and 
neutrophils. Recombinant PaFcyRI (rPaFcyRI) was 
secreted when transfected into mammalian cells and 
the native protein was also detected in serum upon 
infection. rPaFcyRI was also demonstrated to bind to 
ayu IgM, as assessed by cell transfection. 
Suppressive activity of the recombinant mature 
protein of PaFcyRI (rPaFcyRlm) on in vitro anti- 
sheep red blood cell (SRBC) responses was 
detected by a modified hemolytic plaque forming cell 
assay. In conclusion, our study revealed that 
PaFcyRI is closely involved in the negative 
regulation of IgM production in the ayu spleen. 
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INTRODUCTION 


Antibodies are key components of the immune system, linking 
both innate and adaptive immunity (Bournazos & Ravetch, 
2015). The variable Fab region of an antibody mediates 
specificity and dictates to what antigen and with what affinity 
the antibody will bind to its target. Antibodies also contain a 
constant region, termed the Fc domain, which engages 
diverse cellular receptors, thereby triggering antibody- 
mediated effector functions in innate and adaptive immunity 
(Dilillo & Ravetch, 2015). As members of the immunoglobulin 
(Ig) superfamily, Fc receptors (FcRs) are broadly expressed 
on the surface of various myeloid leukocytes and mediate 
binding and recognition of the Fc portion of antibodies (Davis, 
2007). Since their identification three decades ago, our 
understanding of the biological consequences of FcRs has 
continued to evolve. FcRs mediate various functions including 
phagocytosis, antibody-dependent cell-mediated cytotoxicity, 
lymphocyte proliferation, mast cell degranulation, release/ 
secretion of cytokines and chemokines, antigen presentation, 
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regulation of antibody production, clearance of immune 
complexes, and Ig transport (Bournazos & Ravetch, 2015; 
Nayak et al., 2010). 

Mammals express six different Ig classes: i.e., IgG, IgM, 
IgD, IgE, IgA, and IgO. Correspondingly, four major classical 
FcRs have been identified for IgG (FcyRI, FcyRIl, FcyRIll, 
and FcyRIV), as well as one for IgE (FceRI), one for both IgM 
and IgA (FcapR), one for IgM (FcR), and one for IgA (FcaRI) 
in most previously studied placental mammals (Akula et al., 
2014). The a chains of these receptors, which are Ig-binding 
subunits, are all related in structure, thus suggesting an origin 
from one or a few common early ancestors via successive 
gene duplications (Davis et al., 2005). In most instances, 
classical mammalian FcR genes consist of extracellular C2 Ig 
domains as well as a transmembrane (TM) segment and a 
cytoplasmic tail (CYT), which may contain signaling motifs 
(Stafford et al., 2006). 

Soluble forms of FcRs (sFcRs) have been identified in the 
sera and supernatants of activated cells, including T cells, B 
cells, fibroblasts, macrophages, NK cells, and Langerhans 
cells (Esposito-Farese et al., 1995). sFcRs are produced 
either by cleavage at the cell membrane or by secretion of 
molecules generated by splicing of the TM-encoding exon. 
Soluble forms exist in the extracellular portion of the receptor 
or extracellular region linked to the intracytoplasmic portion of 
the receptor (Rosales & Uribe-Querol, 2013). sFcRs have 
been described for FcyRI, FcyRIl, FcyRIll, FceRII, and FcaRI 
(Daéron et al., 1989; Matt et al., 2015; Sarfati et al., 1996; van 
der Boog et al., 2002). Among these sFcRs, soluble FcyRs 
(sFcyRs) are relatively well studied and shown to play a 
regulatory role in immune responses. For example, sFcyRs 
bind to the Fc domains of IgG to exert immunoregulatory 
activities in vivo and in vitro, including the inhibition of IgG and 
IgM antibody production (Fridman et al., 1992) and immune 
complex precipitation (Gavin et al., 1995). In addition, sFcyRs 
are also reported to function in the inhibition of C1q binding 
and complement activation, antibody dependent cellular 
cytotoxicity, and antigen-antibody uptake (Molenaar et al., 
1977). 

To date, four classes of Ig have been reported in teleosts, 
including IgM, IgD, IgZ/IgT, and IgM-lgZ chimera, with IgM 
reported first (Tian et al., 2009). Of the classical Ig-binding 
FcR homologs, however, only FceRly has been identified in 
teleosts, which has limited our understanding not only of the 
evolutionary history of FcRs but also their functional 
significance in ectotherms (Akula et al., 2014). Interestingly, 
FcR homologs without a TM or CYT have been identified in 
teleosts by genomic/transcriptomic analysis, with the first 
reported in channel catfish (Ictalurus punctatus) (i.e., IpFcRI) 
(Stafford et al., 2006). IpFcRI is structurally conserved, 
containing extracellular domains, as found in classical FcRs, 
and maintaining three Ig domains and Fc-binding sites for 
antibody recognition (Stafford et al., 2006). Furthermore, 
IpFcRI binds to IgM as a soluble protein in serum (Nayak et 
al., 2010; Stafford et al., 2006). Such proteins are also found 
in many other bony fish, e.g., zebrafish (Danio rerio), rainbow 
trout (Oncorhynchus mykiss), tiger puffer (Takifugu rubripes), 


and spotted green pufferfish (Tetraodon nigroviridis) (Akula et 
al., 2014; Stafford et al., 2006). To date, however, little is 
known about the function of these receptors. 

Ayu (Plecoglossus altivelis) is an economically important 
fish in East Asia (Nishimori et al., 2000). Recently, however, 
the development of ayu aquaculture in China has been 
severely challenged by Vibrio anguillarum infection, which has 
resulted in both production and animal welfare problems (Li et 
al., 2009; Nishimori et al., 2000; Xiong et al., 2018). Given the 
importance of FcRs in innate immunity, understanding the 
function and mechanism of action of ayu FcRs would be 
helpful for disease control and prevention. In this study, a 
novel sFcyR-like gene (PaFcyRI) was identified from ayu. The 
mRNA expression profiles of PaFcyRI in healthy and V. 
anguillarum-infected tissues were determined. The IgM- 
binding activity of PaFcyRI and its effect on IgM antibody 
production in spleen cells were also preliminarily 
characterized. 


MATERIALS AND METHODS 


Molecular characterization of PaFcyRI 

The cDNA sequence of PaFcyRI was obtained from 
transcriptome data of ayu head kidney-derived monocytes/ 
macrophages (MO/M®) using a BLAST search (http://blast. 
ncbi. nim. nih. gov/Blast. cgi). The sequence was then used to 
design primers for specific amplification of the objective gene 
sequence from cDNA, with the amplicons sequenced on an 
ABI 3730 automated sequencer (Invitrogen, Shanghai, China) 
to confirm the correctness of the PaFcyRI sequence. SignalP 
v4.1 (http://www. cbs. dtu. dk/services/SignalP/) was used to 
predict the cleavage sites of the signal peptides. The 
molecular weights (MW) and isoelectric points (pl) were 
predicted using the Compute pl/Mw tool (http://web. expasy. 
org/compute_pi/). The N-glycosylation sites were predicted 
using the NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/ 
NetNGlyc/). The SMART program  (http://smart. embl- 
heidelberg.de/) was used to predict the domain architecture of 
the putative protein. Multiple sequence alignment was 
analyzed using ClustalW (http://clustalw. ddbj. nig. ac. jp/), and 
phylogenetic analyses were conducted using MEGA v7.0 
(Kumar et al., 2016). Sequences used in this study are listed 
in Table 1. 


Fish and V. anguillarum infection challenge 
Healthy fish weighing 50-60 g each were purchased from a 
commercial farm in Ninghai County, China, and maintained in 
100 L tanks at 20-22 °C with regular feeding, as described 
previously (Chen et al., 2016). The fish were acclimatized to 
laboratory conditions for two weeks before experiments were 
conducted. All experiments were performed according to the 
Experimental Animal Management Law of China and 
approved by the Animal Ethics Committee of Ningbo 
University. 

The V. anguillarum artificial infection experiment was carried 
out as reported previously (Chen et al., 2016). Briefly, bacteria 
were grown in nutrient broth on a rotary shaker at 28 °C and 
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Table 1 


Sequences of FcyR used in the study 





GenBank accession No. Species Protein 
Latin name English name 
XM022404314 Canis lupus familiaris Dog FcyRI 
L03418 Homo sapiens Human FcyRI 
EU589389 Ovis aries Sheep FcyRIl 
NM001136219 H. sapiens Human FeyRIIA 
NM001002274 H. sapiens Human FceyRIIB 
DQ026064 Sus scrofa Pig FcyRIIB 
NM201563 H. sapiens Human FceyRIIC 
NM010188 Mus musculus Mouse FcyRIll 
EU589390 O. aries Sheep FcyRIIl 
AF 132036 Bos taurus Cow FcyRIll 
NM001127596 H. sapiens Human FcyRIIl 
BC027310 M. musculus Mouse FceyRIV 
NM004106 H. sapiens Human FceRy 
XM018231525 Xenopus laevis African clawed frog FcRL5 
XM018096520 Xenopus tropicalis Tropical clawed frog FeRL5 
NM001184866 H. sapiens Human FcRLA 
MG687271 Plecoglossus altivelis Ayu FceyRI 
XM019102455 Cyprinus carpio Common carp FceRaL 
XM011608346 Takifugu rubripes Tiger pufferfish FceRa 
XM021478104 Danio rerio Zebrafish FcRL5 
XM012871848 Fundulus heteroclitus Mummichog FcRLA 
XM014331816 Haplochromis burtoni African cichlid fish FcRLA 
CAF97406 Tetraodon nigroviridis Spotted green pufferfish FcR 
DQ286290 Ictalurus punctatus Channel catfish FcRI 
XM010738182 Larimichthys crocea Large yellow croaker FcRLA 
XM018702142 Lates calcarifer Asian seabass FeyRIL 
XM020503104 Oncorhynchus kisutch Coho salmon FeyRIL 
XM021587750 Oncorhynchus mykiss Rainbow trout FeyRIL 
XM019367764 Oreochromis niloticus Nile tilapia FceyRIIIA 
XM011482503 Oryzias latipes Japanese ricefish FeyRIVL 
XM015041400 Poecilia latipinna Sailfin molly FcRL4 
XM014162558 Salmo salar Atlantic salmon FceyRIL 
XM020928651 Boleophthalmus pectinirostris Mudskipper FeyRIVL 


harvested in the logarithmic phase of growth, as monitored by 
optical density assay. The V. anguillarum cells were washed, 
resuspended, and diluted to an appropriate concentration in 
sterile phosphate buffer saline (PBS). Fish were challenged by 
intraperitoneal injection with 1.2x10* colony forming units 
(CFUs) of live V. anguillarum (in 100 uL PBS) per fish, with 
PBS alone used as the control. At 4, 8, 12, and 24 h post- 
infection (hpi), tissue samples were collected and immediately 
snap-frozen in liquid nitrogen. Blood samples were allowed to 
clot overnight, after which serum was collected by 
centrifugation at 13 000 r/min for 15 min at 4 °C. All tissues 
and sera were preserved at -80 °C until subsequent use. 
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Real-time quantitative polymerase chain reaction (RT- 
qPCR) 

Total RNA extraction, first strand cDNA synthesis, and RT- 
qPCR were carried out as reported previously (Ren et al., 
2019). The tPaFcyRI(+) and tPaFcyRI(—) primers were used 
to produce a 227 bp fragment ("t" in the primer name stands 
for "test") (Table 2). The Pa18S rRNA(+) and Pa18S rRNA(-) 
primers were used to produce a 116 bp fragment of the 
housekeeping 18S rRNA gene, which is widely used as an 
internal control (Table 2). The RT-qPCR protocol was: 94 °C 
for 5 min, 40 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C 
for 30 s in a RT-Cycler™ real-time fluorescence quantitative 


PCR thermocycler (CapitalBio, Beijing, China). The mRNA 
expression of PaFcyRI was normalized against that of 18S 
rRNA, and the quantitative differences between expression 
levels were calculated using the 24° method in the V. 


Table 2. Primers used in the study 


anguillarum infection challenge assay (Livak & Schmittgen, 
2001). All data were analyzed by one-way analysis of variance 
(ANOVA) with SPSS (v13.0, Chicago, IL, USA). P<0.05 was 
considered statistically significant. 





























Primer Gene GenBank accession No. Nucleotide sequence (5'-3') Length (bp) 
tPaFcRI(+) CAGAGCAGCAGAGTCACAGC 

PaFcyRI MG687271 227 
tPaFcRI(-) TGGGGACGAAGATTGAGTTC 
Pa18S rRNA (+) GAATGTCTGCCCTATCAACT 

Pa18S rRNA FN646593 116 
Pa18S rRNA (-) GATGTGGTAGCCGTTTCT 
rPaFcyRI(+) CAAGCTTATGTTCACTGTATGTTGTGAC? 

PaFcyRI MG687271 926 
rPaFcyRI(-) TTGCGGCCGCCTACACAGTGGTGATCTCAC® 
rPaFcyRim (+) GGGAATTCAGACCTTCTGGCTGAAGTCC* 

PaFcyRI MG687271 810 
rPaFcyRIm (-) CCTCGAGCTACACAGTGGTGATCTCAC? 
rPalgM-Fc(+) GGAATTCAATAAGACGGCTTCCTTCG C° 

PalgM-Fc AB703441 1011 
rPalgM-Fc (-) CCTCGAGCTACTGGGCTATGCAGGAGG? 
TM-PalgM-P1(+) CGGGATCCCAGGGGGGTCAGGGGCCCTA® 

PaCTLRC KP329196 111 
TM-PalgM-P1(-) CAGGCTCCTGTAGCGGGCAC 
TM-PalgM-P2(+) GTGCCCGCTACAGGAGCCTGATGTTCTCTGTTTCGCTGCT 

PalgM AB703441 1761 
TM-PalgM-P2(-) CGGAATTCCTACTGGGCTATGCAGGAG? 
TM-P1(+) CGGGATCCCAGGGGGGTCAGGGGCCCTA® 

PaCTLRC KP329196 117 
TM-P1(-) CGGAATTCCTACAGGCTCCTGTAGCGGGCAC? 


abcd and °: Underlined regions indicate restriction enzyme sites Hind Ill, Not |, EcoR |, Xho |, and BamH |, respectively. 


Prokaryotic expression and purification of recombinant 
proteins 

In this study, the recombinant mature proteins of PaFcyRI 
(rPaFcyRlm) and the Fc portion of the ayu IgM (rPalgM-Fc) 
were prokaryotically expressed. The primers for amplification 
of the two genes are listed in Table 2. The prokaryotic 
expression and purification have been described previously 
(Zhang et al., 2011). Briefly, amplicons of expected size were 
digested by EcoR | and Xho |, and subsequently inserted into 
the pET30a(+) vector. The recombinant plasmids were then 
transformed into Escherichia coli BL21 (DE3) for 
overexpression. After overexpression was identified by SDS- 
PAGE analysis, the isopropyl B-D-thiogalactoside (IPTG)- 
induced cultures were harvested, and the cell pellets were 
resuspended in 20 mL of sonication buffer. After sonication, 
the inclusion bodies were recovered and resuspended in 2 mL 
of buffer A (0.1 mol/L Tris-HCI, 0.5 mol/L NaCl, 10 mmol/L 
imidazole, and 8 mol/L urea, pH 7.5). The purification of 
solubilized recombinant proteins was performed on a 
HisTrap™ FF (GE Healthcare, Shanghai, China) and gradient 
eluted with buffer B (0.1 mol/L Tris-HCI, 0.5 mol/L NaCl, 
500 mmol/L Imidazole and 8 mol/L urea, pH 7.5) increasing 
from 0 to 100%. The peak fractions were pooled and dialyzed 
with solubilization buffer (50 mmol/L KH,PO,, 1 mmol/L EDTA, 
and 300 mmol/L KCI, containing 8 mol/L urea and 0.2 mol/L 
DTT, pH 8.0) and then concentrated using a 10 000 NMWL 
spin filter (Millipore, Shanghai, China). Refolding of solubilized 
recombinant proteins by 8 to 2 mol/L urea gradient size- 


exclusion chromatography was performed on an XK 16/100 
column packed with Superdex 75 gel media (GE Healthcare). 
The concentrated peak fractions were desalted on a 5 mL Bio- 
Gel P-6 desalting column (Bio-Rad, Shanghai, China). All 
procedures were carried out at 4 °C. The purified proteins 
were lyophilized and stored at -80 °C before use. 


Antibody preparation and Western blot analysis 
Antibody preparation was performed as reported previously 
(Ren et al., 2019). In brief, purified recombinant proteins, 
dissolved in PBS and emulsified with Freund's incomplete 
adjuvant, were used to immunize mice by intraperitoneal 
injection once every 7 d for a total of four injections. Control 
mice were injected with incomplete Freund's adjuvant. Whole 
blood was collected and centrifuged at 13 000 r/min for 15 min 
at 4 °C to obtain serum. Anti-PaFcyRIim, anti-PalgM-Fc, and 
control isotype antisera were purified by protein G 
chromatography media (Bio-Rad). Antiserum quality was 
tested by Western blot analysis as described previously (Ren 
et al., 2019), and visualized using an enhanced 
chemiluminescence (ECL) kit (Advansta, Menlo Park, USA). 
The antiserum with 0.2% sodium azide was kept at -20 °C 
until use. For the determination of PaFcyRI glycosylation, 
PNGase F (New England Biolabs, Beverly, MA, USA) was 
used to digest kidney proteins followed by Western blot 
analysis. 

The monocytes/macrophages (MO/M®), lymphocytes, and 
neutrophils were isolated and enriched as described below 
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(Chen et al., 2016, 2018). Ayu head kidney was aseptically 
extracted and pushed with a glass rod through a 100 um wire 
mesh. The resultant single-cell suspension was layered onto 
Ficoll-Hypaque PREMIUM (1.077 g/mL) (GE Healthcare). 
After centrifugation at 400 g for 25 min at room temperature, 
the buffy layer above the Ficoll was collected and washed with 
RPMI 1640 medium (Invitrogen) supplemented with 2% fetal 
bovine serum (FBS; Invitrogen), penicillin (100 U/mL), 
streptomycin (100 U/mL), and heparin (20 U/mL). Cells were 
cultured for 12 h, with the attached cells identified as enriched 
MO/M®. Blood samples were collected and layered onto 
Ficoll-Hypaque PREMIUM (1.077 g/mL) at a density gradient, 
then centrifuged at room temperature for 25 min at 400 g. 
Neutrophils below the Ficoll (containing erythrocytes) were 
subjected to hypotonic lysis treatment with ice-cold ACK lysis 
buffer. The non-adherent lymphocytes were collected from the 
buffy layer by differential adherence to exclude MO/M®. 
PaFcyRI expression in tissues (liver, spleen, and kidney) and 
cells (MO/M®, lymphocytes, and neutrophils) was determined 
by Western blot analysis. 


In vitro secretion 

To test whether the native leader of PaFcyRI could generate a 
secreted protein, PaFcyRI was amplified using the primers 
listed in Table 2. The amplified product was cloned into the 
pcDNA3.1 mammalian expression vector (Invitrogen) and then 
transiently transfected into HEK293 cells using FuGENE® 6 
Transfection Reagent (Promega, Madison, USA). The 
HEK293 cells were grown at 37 °C in a humidified incubator in 
the presence of 5% CO,. The complete medium for the 
HEK293 cells was Dulbecco's modified Eagle's medium 
supplemented with 10% FBS. After 24 h, the supernatants 
and cell lysates were examined for recombinant PaFcyRI 
(rPaFcyRI) (containing signal peptide) by Western blotting 
using the anti-PaFcyRlm antiserum. To further demonstrate 
the secretion characteristics of PaFcyRI, Western blotting was 
used to detect the native protein in ayu serum. 


Interaction between PaFcyRI and ayu IgM (PalgM) 
identified by flow cytometry 

The interaction between two recombinant proteins was 
identified by flow cytometry, as described in Seijsing et al. 
(2013). Firstly, a recombinant TM protein, with mCherry on its 
N-terminal and PalgM heavy chain on its C-terminal (mCherry- 
TM-PalgM), was expressed on the HEK293 cell membrane. 
The TM-PalgM fragment (111 bp+1 761 bp=1 872 bp) was 
obtained by overlap extension PCR. The primers for 
amplifying TM were designed according to the TM domain (aa 
53-75) of the ayu C-type lectin receptor gene (Table 2). The 
control protein (mCherry-TM) was a recombinant TM protein 
with mCherry on the C-terminal. To construct the recombinant 
plasmids, amplicons of expected size were digested by BamH 
| and EcoR |, and subsequently inserted into the pCMV-N- 
mCherry vector (Beyotime Biotechnology, Shanghai, China). 
The recombinant plasmid was then constructed and 
transfected into the HEK293 cell line by FuGENE® 6 
Transfection Reagent. The expression of recombinant 
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mCherry-TM-PalgM and mCherry-TM were visualized using a 
Nikon Eclipse Ti-U fluorescence microscope. Their expression 
levels were also detected using anti-mCherry antibody by 
Western blot analysis. 

The HEK293 cells expressing mCherry-TM-PalgM or 
mCherry-TM were incubated with anti-PalgM-Fc antiserum for 
1 h at 37 °C. After washing, the cells were incubated with 
secondary antibody, FITC-labeled goat anti-mouse IgG 
(Beyotime Biotechnology), for 1 h at 37 °C. Finally, the cells 
were washed and analyzed by a Gallios flow cytometer 
(Beckman Coulter, California, USA). 

The HEK293 cells expressing mCherry-TM-PalgM or 
mCherry-TM were respectively incubated with rPaFcyRIlm for 
1 h at 37 °C, and then washed and incubated with anti- 
PaFcyRIm antiserum for 1 h at 37 °C. After this, the cells were 
washed and incubated with FITC-labeled goat anti-mouse IgG 
(Beyotime Biotechnology) for 1 h at 37 °C, then washed and 
resuspended in PBS supplemented with 1% bovine serum 
albumin (BSA). Cells were analyzed in a Gallios flow 
cytometer and 10 000 events per sample were recorded. The 
data were processed using Kaluza software (Beckman 
Coulter). 


Primary anti-sheep red blood cell (SRBC) responses in 
vitro 

The biological activity of rPaFcyRlm was tested on primary 
anti-SRBC responses in vitro using a modified hemolytic 
plaque-forming cell (PFC) assay (Jacobson et al., 2003; 
Kaattari et al., 1986; Smith, 1998; Varin et al., 1989). 
Anesthetized fish were sacrificed and placed on ice. The 
spleens were excised under sterile conditions and 
immediately placed into 2 mL of cold Hank's balanced salt 
solution (HBSS) (Sangon Biotech, Shanghai, China) in sterile 
plastic 2 cm petri dishes. Spleen cells were separated by 
gentle maceration over a 100 um nylon screen, transferred to 
15 mL conical tubes, and incubated with ACK Lysis Buffer 
(Beyotime Biotechnology) for 5 min at room temperature. The 
spleen cells were washed twice with cold HBSS and 
centrifuged at 2 000 r/min for 10 min at 4 °C. The resulting 
cellular pellet was resuspended in 2 mL cold complete media 
(RPMI 1640, 10% FBS, 100 U/mL penicillin, and 100 mg/mL 
streptomycin). A 50 uL aliquot was removed and combined 
with 450 uL of 10% trypan blue for lymphocyte differentiation, 
enumeration, and viability in a hemocytometer at 40x. Each 
sample was diluted to 8x10° cells per mL in complete media, 
after which 50 uL of 20% SRBCs per mL was added and the 
sample was cultured for 3 d at 24 °C and 5% CO,. At day 3, 
purified rPaFcyRlm was added, which was serially diluted 
(1: 2) (original concentration 5 mg/mL) to a 100 pL final 
volume, with a sample without rPaFcyRIm used as the control. 
At day 5, each sample (250 uL) was combined with 0.15 mL 
of 20% SRBCs and 0.8 mL of 45 °C 0.7% agar solution, then 
mixed quickly and poured into 5 cm plastic petri dishes and 
allowed to solidify. Plates were incubated for 2 h with humidity 
at 24 °C to allow specific lymphocyte recognition of SRBCs 
and subsequent antibody production and binding. After this, 
1 mL of 10% complement source serum (diluted by HBSS) 


was added and the plates were incubated overnight at 24 °C 
to allow complement-mediated lysis of the SRBCs. Plaques 
were enumerated and evaluated for approximate size 
manually via a low-powered Guiguang XTL-400 dissecting 
microscope with 10x ocular strength. Inhibition >30% was 
considered significant in view of the variability of this 
technique. 


RESULTS 


Cloning and sequence analysis of PaFcyRI 

The cDNA sequence of PaFcyRI was 1 113 nucleotides (nts) 
in length, comprising a 5'-UTR of 79 nts, 3'-UTR of 125 nts, 
and open reading frame of 909 nts, and encoding a 
polypeptide of 302 amino acids (aa) with a predicted 
molecular weight (MW) of 34.1 kDa. BLAST searching 
revealed that this sequence was homologous to mammalian 
FcyR and was thus tentatively named PaFcyRI. It was 
predicted to comprise of a signal peptide (aa 1-33) and two Ig 
domains: Ig domain 1 (D1) consisting of 80 aa (aa 43-122) 
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and Ig domain 2 (D2) consisting of 85 aa (aa 130-214). Both 
Ig domains contained two conserved cysteine residues (Cys), 
essential for the formation of disulfide bonds (predicted as 
Cys®®—Cys®* and Cys'*S—Cys'*') (Figure 1). The two disulfide 
bonds were conserved in all selected mammalian and fish 
FcRs (Figure 1B). According to the features, such as the 
spacing of cysteine bridges and number of beta sheets, D1 
and D2 were classified as C2 domains and shared homology 
with low-affinity receptor domains. Furthermore, PaFcyRI had 
three potential N-glycosylation sites: i.e., N“?NS, N'LT, and 
N‘8°LT. 

Sequence comparison analysis showed that PaFcyRI was 
tightly grouped with previously reported Nile tilapia 
(Oreochromis niloticus) (identity 35.4%) and Japanese ricefish 
(Oryzias latipes) (identity 34.4%), suggesting an evolutionary 
relationship. Phylogenetic tree analysis revealed that PaFcyRI 
fell into a larger cluster that included fish FcRs, and also 
grouped with the mammalian FcyR subset (Figure 2A). In 
addition, each PaFcyRI domain had a related counterpart that 
variously occurred throughout the FcyRs (Figure 2B). 
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Figure 1 Schematic representation and multiple alignments of amino acid sequences 

A: Schematic representation of PaFcyRI protein including signal peptide (box) and disulfide bonds (line). B: Amino acid alignments of D1 and D2 of 
ayu, channel catfish, Atlantic salmon, large yellow croaker, and representative human FcyRs. Hatched boxes indicate conserved cysteines and 
dashes (-) represent gaps. IpFcRI: Channel catfish FcRI; SsFcyRI: Atlantic salmon FcyRI; LcFcRLA: Large yellow croaker FCRLA; HsFcyRI: Human 
FcyRI; HsFcyRII: Human FcyRIl; HsFceyRIll: Human FcyRIll. GenBank accession Nos. are listed in Table 1. 
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Figure 2 Phylogenetic analysis of full-length (A) and two Ig domain (B) amino acid sequences of PaFcyRI and related FcRs using 


neighbor-joining method 


Values at forks indicate percentage of trees in which this grouping occurred after bootstrapping (1 000 replicates; shown only when >60%) using 


MEGA7.0. Scale bar shows number of substitutions per base. 


Tissue expression profiles of PaFcyRI transcripts 

PaFcyRI mRNA was expressed in the liver, spleen, kidney, 
brain, intestines, muscle, and gill at low levels, with the 
highest expression detected in the gill of healthy ayu (Figure 
3A). Following V. anguillarum infection, PaFcyRl mRNA 
expression was up-regulated in all tested tissues (Figure 3B— 
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E). After stimulation with viable V. anguillarum, the up- 
regulation of PaFcyRI expression in the liver and spleen 
demonstrated an inverted U-shaped tendency. The highest 
expression levels of PaFcyRI in the liver, spleen, and kidney 
were detected at 8 hpi and in the gill were detected at 4 hpi. 
Furthermore, PaFcyRI mRNA expression levels in the liver, 


spleen, kidney, and gill were up-regulated by 19.30-fold, 16.05- 
fold, 19.01-fold, and 4.78-fold, respectively, after stimulation 
(Figure 3B-E). 


Prokaryotic expression, purification, and 
preparation of rPaFcyRim and rPalgM-Fc 

After induction by IPTG, the recombinant proteins were all 
over-expressed in E. coli BL21 (DE3). The size of rPaFcyRlm 
on the 12% SDS-PAGE gel was ~40 kDa, similar to the 
calculated MW of 39.8kDa (34.1 kDa PaFcyRIm plus 5.7 kDa 
His-tag) (Figure 4A). The size of rPalgM-Fc on the 12% SDS- 
PAGE gel was 44 kDa, similar to the calculated MW of 
43.2 kDa (37.5 kDa rPalgM-Fc plus 5.7 kDa His-tag) (Figure 
4C). The purifications of the two recombinant proteins were all 
greater than 95%. 

Western blot analysis revealed that the MW of native 
PaFcyRI in the ayu kidney was ~47 kDa and after 
deglycosylation was ~34 kDa, similar to sequence calculations 
(34.1 kDa) (Figure 4B). Western blot analysis also revealed 
that the MW of the native PalgM heavy chains in ayu was ~ 
70-80 kDa, similar to the MW of IgM heavy chains reported 
previously in fish (Wilson & Warr, 1992) (Figure 4D). 

Furthermore, Western blot analysis revealed native protein 
expression in the healthy head kidney and trunk kidney, but 
not in the liver or spleen (Figure 4E). The detected cell types 
that expressed PaFcyRI were neutrophils, but not MO/M® or 
lymphocytes (Figure 4E). 


antibody 


In vitro secretion of rPaFcyRI 
Results showed rPaFcyRI with the native leader was 
expressed in the HEK293 cells. As shown in Figure 5A, 
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Figure 3 RT-qPCR detection of PaFcyRI expression in ayu tissues 
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rPaFcyRI was ~49 kDa (calculated MW 34.1 kDa), which 
might be caused by glycosylation, as expressed in HEK293 
cells. rPaFcyRI was detected in both the supernatants and 
cell lysates of pcDNA3.1-PaFcyRl-transfected cells but not in 
the supernatants and cell lysates of the control cells 
transfected with pcDNA3.1, indicating that the native leader 
can indeed generate a secretory PaFcyRI. Native PaFcyRI in 
serum was also detected by Western blotting. In the sera of 
the healthy control and infected ayu, no obvious bands were 
observed at 4, 8, or 12 hpi, whereas an obvious band was 
observed in the infected ayu at 24 hpi (Figure 5B). 


rPaFcyRIm binding to PalgM 

PalgM was expressed as a fusion protein, which included 
PalgM+TM+mCherry. Its expression was first detected in 
HEK293 cells by fluorescence microscopy. Results showed 
that mCherry was expressed in the cytoplasm, and the two 
recombinant proteins (mCherry-TM and mCherry-TM-PalgM) 
were mainly localized on the plasma membrane (Figure 6A). 
Western blot analysis revealed that the MW of mCherry-TM 
was ~31 kDa, similar to the calculated MW of 30.5 kDa 
(3.8 kDa TM plus 26.7 kDa mCherry), and the MW of mCherry- 
TM-PalgM was ~95 kDa, similar to the calculated MW of 
95 kDa (68.3 kDa TM-PalgM plus 26.7 kDa mCherry) (Figure 
6B). Flow cytometry revealed that PalgM was identified with 
anti-PalgM-Fc antiserum, suggesting that the PalgM part in 
mCherry-TM-PalgM was mainly localized outside the HEK293 
plasma membrane (Figure 6C). Finally, the interaction 
between rPaFcyRIim and the PalgM Fc portion was detected 
by flow cytometry. Results showed that cells probed with FITC 
displayed a linear relationship between mCherry and FITC 
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A: Healthy tissues. L: Liver, S: Spleen, K: Kidney, B: Brain, G: Gill, |: Intestines, M: Muscle. B-E: PaFcyRI transcripts in ayu challenged with V. 
anguillarum infection. Tissues were collected at different time points post-infection. PaFcyRI transcript levels were normalized to Pa18S rRNA 
transcript levels. Data are means+SEM of the results from four fish. *: P<0.05. 
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Figure 4 Prokaryotic expression and Western blot analysis 

A: 12% SDS-PAGE analysis of bacterial lysates and purified 
rPaFcyRIm. Lane M: Protein marker; 1: pET30a-PaFcyRlm/BL21 
before IPTG induction; 2: pET30a-PaFcyRlm/BL21 after IPTG 
induction; 3: Purified rPaFcyRlm. B: Western blot analysis of 
rPaFcyRIm using anti-PaFcyRlm antiserum. Lane M: Protein marker; 
1: pET30a-PaFcyRIm/BL21 before IPTG induction; 2: pET30a- 
PaFcyRim/BL21 after IPTG induction; 3: Ayu kidney lysates; 4: Ayu 
kidney lysates after deglycosylation by PNGase F. C: 12% SDS-PAGE 
analysis of bacterial lysates and purified rPalgM-Fc. Lane M: Protein 
marker; 1: pET30a-PalgM-Fc/BL21 before IPTG induction; 2: pET30a- 
PalgM-Fc/BL21 after IPTG induction; 3: Purified rPalgM-Fc. D: 
Western blot analysis of rPalgM-Fc using anti-PalgM-Fc antiserum. 
Lane M: Protein marker; 1: pET30a-PalgM-Fc/BL21 before IPTG 
induction; 2: pET30a-PalgM-Fc/BL21 after IPTG induction; 3: Ayu 
spleen lysates. E: Protein expression of PaFcyRI in different tissues 
and cell types. 1: Liver; 2: Spleen; 3: Head kidney; 4: Trunk kidney; 
5: MO/MQ, 6: Lymphocytes; 7: Neutrophils. 


fluorescence, indicating a linear correlation between the 
amounts of mCherry-TM-PalgM and binding of rPaFcyRlm 
(Figure 6D). The control (mCherry-TM and rPaFcyRIim) did 
not show such a correlation (Figure 6D). 


Suppressive activity of rPaFcyRlm on in vitro IgM anti- 
SRBC antibody responses 

The biological activity of rPaFcyRlm on primary anti-SRBC 
antibody responses in vitro was tested. As shown in Figure 7, 
rPaFcyRIm suppressed anti-SRBC antibody production in a 
dose-dependent fashion. About 1.70 pg/mL of rPaFcyRlm 
was necessary to inhibit 50% of antibody production against 
SRBCs. This effect was not due to toxicity, as the addition of 
rPaFcyRIm did not decrease viability of the spleen cells. 
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Figure 5 Secretion of rPaFcyRI 

A: PaFcyRI was cloned into pcDNA3.1 and transiently transfected into 
HEK293 cells. After 24 h, supernatants and cell lysates were 
examined by Western blotting using anti-PaFcyRlm antiserum. Lane 
M: Protein marker; 1: Supernatants of pcDNA3.1/HEK293, negative 
control; 2: Supernatants of pcDNA3.1-PaFcyRI/HEK293; 3: Cell 
lysates of pcDNA3.1/HEK293, negative control; 4: Cell lysates of 
pcDNA3.1-PaFcyRI/HEK293. B: Native PaFcyRI in ayu serum. 


DISCUSSION 


Myeloid leukocytes in humans and mice are equipped with a 
variety of receptors that enable their interaction with 
monomeric or aggregated immunoglobulins, antigen-antibody 
immune complexes, and opsonized antibody-coated particles 
or cells (Pierre & Friederike, 2015). FcyRs are receptors that 
induce diverse biological functions after binding to the Fc 
portion of antibodies mediated by extracellular domains. The 
extracellular domains of mammalian FcyRI contain three Ig 
domains (i.e., D1, D2, and D3), whereas FcyRIl, FcyRIll, and 
FcyRIV only contain the first two (i.e., D1 and D2). D1 and D2 
are highly homologous among species, whereas D3 shows a 
lower level of homology, although it is still clearly related to the 
Ig superfamily (Sears et al., 1990). Interestingly, there is a 
group of teleost proteins closely homologous to the 
extracellular domains of mammalian FcyRs (Stafford et al., 
2006). Among such homologous proteins, most contain two Ig 
domains (D1, D2), although a few contain three or four. For 
example, IpFcRI contains three Ig domains (D1, D2, and D3), 
with D1 and D2 found clustered with high bootstrap values 
with mammalian FcR Ig-domain counterparts, but D3 not 
phylogenetically related to any mammalian FcR Ig domain 
(Stafford et al., 2006). Likewise, there are a different number 
of Ig domains in the FcR sequences of zebrafish, rainbow 
trout, tiger puffer, and spotted green pufferfish (Akula et al., 
2014; Stafford et al., 2006). Here, we studied an FcyR-like 
gene, PaFcyRI, from ayu. Phylogenetic tree analysis showed 
that PaFcyRI and other fish FcRs were grouped together and 
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Figure 6 Interaction between rPaFcyRIim and PalgM 
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A: Localization of mCherry, mCherry-TM, and mCherry-TM-PalgM in HEK293 cells observed by fluorescence microscopy. B: Western blot analysis 
of mCherry-TM and mCherry-TM-PalgM expression in HEK293 cells with anti-mCherry antibody. Lane M: Protein marker; 1: HEK293 cells, negative 
control; 2: mCherry-TM/HEK293; 3: mCherry-TM-PalgM/HEK293. C: Flow cytometry analysis of percentage of HEK293 cells expressing mCherry- 
TM-PalgM following incubation with anti-PalgM-Fc antiserum. Histogram showing percentage of mCherry-TM-PalgM-positive cells in mCherry-TM- 
PalgM/HEK293 and mCherry-TM-PalgM/HEK293 detected by flow cytometry analysis with anti-PalgM-Fc antiserum. Data are means+SEM of 
results from four assays. *: P<0.05. D: Flow cytometry analysis of binding of rPaFcyRIm to PalgM. HEK293 cells overexpressing mCherry-TM and 
mCherry-TM-PalgM were first probed with rPaFcyRIim, then detected with anti-PaFcyRIm antiserum produced in mice and stained with FITC-labeled 
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Figure 7 rPaFcyRIm inhibits anti-SRBC antibody production 

Various doses of rPaFcyRIm were added at day 3 to cultures of spleen 

cells stimulated by SRBCs. Anti-SRBC antibody production was 

measured at day 5 by direct PFC assay. 


were also clustered with the mammalian FcyR subset. In 
addition, PaFcyRI possessed only D1 and D2, which were 
classified into C2 sets and phylogenetically related to the 
corresponding domain of mammalian and fish FcyRs, 


respectively. 

Tissue and cellular mRNA expression of the FcyR homolog 
has been studied in channel catfish. Stafford et al. (2006) 
readily detected IpFcRI transcripts by Northern blot analysis in 
the spleen and hemopoietic kidney tissues of channel catfish, 
as well as in their peripheral blood leukocytes (PBLs) 
(predominantly in granulocytes). To date, however, no 
information regarding MRNA expression of FcyR homologs 
related to infection has been reported. Mammalian sFcyRs 
have been detected in biological fluids of mice and humans, 
with production found to be highly dependent on 
environmental factors, including pathogens. For example, 
mouse sFcyRIl (Fcy2b/y1R) was reported to increase in 
culture medium after stimulation of spleen cells with 
lipopolysaccharide (LPS), which was attributed to B 
lymphocytes (Pure et al., 1984). Furthermore, a dramatic 
increase in circulating sFcyRIl is also found in Schistosoma 
mansoni-infected mice (Khayat et al., 1986). In the current 
study, PaFcyRI mRNA was expressed at low levels in all 
tested tissues, with the highest expression found in the gill. 
Furthermore, expression in the liver, spleen, and kidney 
showed sensitive responses to V. anguillarum infection. With 
antiserum, the PaFcyRI protein was also detected in the head 
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kidney, trunk kidney, and neutrophils. 

The teleost proteins mentioned in this study are soluble, 
thus differing from the mammalian membrane-bound FcyRs. 
This suggests that this group of proteins may be secreted and/ 
or intracellularly expressed, thus hinting at their function. In 
channel catfish, IpFcRI was identified as a secretory protein in 
the serum akin to sFcR found in mammals (Stafford et al., 
2006). In this study, rPaFcyRI was also found to be secreted 
in the supernatants of HEK293 cells. Native PaFcyRI was also 
detectable in serum challenged with V. anguillarum. 

The binding of the Fc region of IgG to FcyR is a critical step 
for the initiation and control of effector immune functions 
(Sibéril et al., 2007). For the IgG ligands, FcyRI and FcyRIV 
are high-affinity receptors, whereas FcyRIl and FcyRIll are 
low-affinity receptors (Qiu et al., 1990). Mouse and human 
sFcyRs bind to IgG subclasses with a binding profile identical 
to the corresponding membrane-associated receptors and 
exhibit immunomodulatory properties (Lynch et al., 1992). In 
fish, only IpFcRI has been identified to bind with IgM, as 
assessed by co-immunoprecipitation and cell transfection 
studies (Stafford et al., 2006). In our research, rPaFcyRlm 
was found to bind with IgM, which might provide a hint to its 
function in immunity. 

As reported earlier, mammalian sFcyRs inhibit in vitro and 
in vivo immune responses. For instance, purified mouse 
sFcyRIIB1 exerts dose-dependent suppressive activity on 
primary and secondary antibody responses when added to 
cultures of spleen cells stimulated with SRBCs, with the effect 
even more pronounced on IgG than on IgM responses (Varin 
et al., 1989). Sautés et al. (1992) also found that sFcyRIIB1 
inhibits antibody in vitro responses to SRBCs in small B cell 
cultures stimulated by anti-lgM antibodies in the presence of 
IL-4 and IL-5. Moreover, intraperitoneal injection of this 
material into adult mice immunized with SRBCs decreases 
IgG antibody production in spleen cells, as measured by PFC 
assay, and in serum, as measured by antigen-specific ELISA 
(Sautés et al., 1992). Furthermore, purified human sFcyRIIIB 
(sCD16) inhibits IgM and IgG production of human peripheral 
blood mononuclear cells stimulated by pokeweed mitogen in 
vitro in a time and dose-dependent manner (Teillaud et al., 
1993). sFcyRs are believed to function by competing with 
their membrane-bound counterparts for Ig (or immune 
complex) binding, which, in turn, down-regulates B cell 
proliferation and antibody production (Fridman et al., 1993). In 
our study, the PaFcyRI protein was not detectable in the 
serum of healthy ayu but was up-regulated upon infection. We 
identified that rPaFcyRlm exerts suppressive activity on 
primary antibody responses in vitro at a relatively high 
concentration. Thus, we speculated that PaFcyRI might be 
involved in the down-regulation of antibody levels at the late 
stage of infection. 

In summary, we showed that PaFcyRI exhibited sequence 
characteristics similar to classical FcRs with extracellular 
domains. Furthermore, we revealed that PaFcyRI was a 
secretory protein bound to PalgM. /n vitro, PaFcyRI likely 
plays a role in the regulation of IgM production. 
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Immunodetection of ephrin receptors in the 
regenerating tail of the lizard Podarcis muralis 
suggests stimulation of differentiation and muscle 


segmentation 


Lorenzo Alibardi’” 


1 Comparative Histolab Padova and Department of Biology, University of Bologna, Bologna 40126, Italy 


ABSTRACT 


Ephrin receptors are the most common tyrosine 
kinase effectors operating during development. 
Ephrin receptor genes are reported to be up- 
regulated in the regenerating tail of the Podarcis 
muralis lizard. Thus, in the current study, we 
investigated immunolocalization of ephrin receptors 
in the Podarcis muralis tail during regeneration. 
Weak immunolabelled bands for ephrin receptors 
were detected at 15-17 kDa, with a stronger band 
also detected at 60-65 kDa. Labelled cells and 
nuclei were seen in the basal layer of the apical 
wound epidermis and ependyma, two key tissues 
stimulating tail regeneration. Strong nuclear and 
cytoplasmic labelling were present in the segmental 
muscles of the regenerating tail, sparse blood 
vessels, and perichondrium of regenerating 
cartilage. The immunolocalization of ephrin receptors 
in muscle that gives rise to large portions of new tail 
tissue was correlated with their segmentation. This 
study suggests that the high localization of ephrin 
receptors in differentiating epidermis, ependyma, 
muscle, and cartilaginous cells is connected to the 
regulation of cell proliferation through the activation 
of programs for cell differentiation in the proximal 
regions of the regenerating tail. The lower 
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immunolabelling of ephrin receptors in the apical 
blastema, where signaling proteins stimulating cell 
proliferation are instead present, helps maintain the 
continuous growth of this region. 


Keywords: Lizard; Regenerating blastema; Ephrin 
receptors; Immunolabelling; Western blotting 


INTRODUCTION 


Among amniotes, only lizards regenerate a large organ such 
as their tail after loss (Alibardi, 2014, 2015, 2017a, 2018; 
Bellairs & Bryant, 1985; Cox, 1969; Fisher et al., 2012; Gilbert 
et al., 2015; Hughes & New, 1959; Lozito & Tuan, 2016). The 
process of tail regeneration in lizards occurs after the 
formation of a regenerative blastema over the injured tissue of 
the tail stump. The blastema comprises a soft mesenchyme 
rich in hyaluronate and is covered by an actively proliferating 
epidermis (Alibardi, 2017b, 2017c). While the growing tip of 
the blastema elongates the tail, the more proximal regions to 
the tail stump differentiate into axial tissues (Alibardi & Meyer- 
Rochow, 1989). The latter comprise a cartilaginous cylinder 
replacing the vertebral column and encasing the ependymal 
tube derived from the spinal cord and segmental myomeres of 
similar dimension (Figure 1). Regenerating muscles gradually 
grow from pro-muscle aggregates derived from the local 
fusion of myoblasts that give rise to elongating myotubes, 
while the segregated fibroblasts form the connective myosepta 
(Alibardi, 1995; Cox, 1969; Hughes & New, 1959). 
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Figure 1 Schematic drawing 
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A: Regenerating tail at elongating cone stage showing main differentiating tissues formed in more proximal regions with respect to apical blastema 
(yellow). B-D: Process of myomere morphogenesis (red) separated by connective myosepta (light blue). E: Shape and attachment of two 
myomeres to cartilaginous tube (blue) containing regenerating ependymal (green). 


Recent research has revealed the expression of numerous 
developmental genes in the regenerating tail of lizards 
(Hutchins et al, 2014; Liu et al., 2015). Comparison between 
up- and down-regulated genes in the tail with those in limbs 
has helped identify key genes responsible for tail regeneration 
(Vitulo et al., 2017a, 2017b). Previous studies have also 
detected the expression sites of these genes and their coded 
proteins (Alibardi, 2017a, 2017d). Thus, based on transcriptome 
analysis, it is now possible to determine the localization of 
specific, highly up-regulated proteins responsible for tail 
regeneration, avoiding a random search for signaling proteins, 
growth factors, oncogenes, and transcription factors. 

One of the more up-regulated and tail-exclusive genes was 
coding for a receptor of ephrin proteins (erythropoietin 
producing hepatocellular carcinoma receptor), ephbr6, with 8— 
30-fold of expression in the regenerating blastema in 
comparison to the tissues present in the normal tail (Vitulo et 
al., 2017a). Ephrins are membrane-bound proteins that 
stimulate their specific tyrosine-kinase receptors located on 
the plasma membrane of a target cell, which respond by 
phosphorylation of cytoplasmic proteins for specific gene 
activation and cytoskeletal re-organization (Klein, 2012; 
Palmer & Klein, 2003; Park & Lee, 2015). Ephrin receptors 
comprise proteins inserted in a cell membrane that interact 
with ephrin membrane proteins and their physiological 
ligands, and are distinguished as sub-class A and B. These 
receptors comprise the highest number of protein kinases 


present in cells of vertebrates, and are involved in numerous 
morphogenetic processes, including the development of 
paraxial segmentation, limb skeleton, and nervous system 
regionalization, as well as cancer and metastasis intervention 
(Durbin et al., 1998; Henkemeyer et al., 1994; Pasquale, 
2010; Poliakov et al., 2004). These proteins and their 
receptors mediate the formation of cell junctions in external or 
internal epithelia, during neural tube development, in growing 
blood vessels, during formation of temporary junctions in 
migrating cells of the neural crest, and establishment of 
compartmentalization among different tissues, thus forming 
the basis for the development of distinct organs (Park & Lee, 
2015). 

In the regenerating tail of the common wall lizard (Podarcis 
muralis), where cell movement and tissue formation and re- 
organization are present, several genes coding for ephrin 
receptors are reported to be highly up-regulated (Vitulo et al., 
2017a). However, the specific role of these genes and their 
main sites of expression in the regenerating tail remain 
undetermined. Therefore, based on immunohistochemical 
analysis, we detected the sites of ephrin receptor localization 
in the tail blastema-cone of Podarcis muralis. 


MATERIALS AND METHODS 


Procurement and maintenance of animals 
Eight common wall lizards (Podarcis muralis), whose tail 
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tissues were prepared earlier for previous investigations, were 
used in the present study. Adult females and males were 
captured in the wild and were then maintained in cages at 
fluctuating temperatures of 25-30 °C. The lizards were fed 
three times weekly with maggots and mealworms and 
exposed to natural sunlight. All animal care and handling 
procedures followed Italian guidelines (Art. 5, DL 116/92). 
After inducing autotomy at about 1/3 proximal of the tail, a 
natural and painless process of tail amputation, the tail was 
regenerated at 25-30 °C until a 3—4-mm_blastema-cone 
formed over the tail stump (~12—16 d later). We collected 
tissues from three adults with 3—4-mm long regenerated tails 
for protein extraction and successive electrophoretic analysis. 


Western blotting 

Tissues were homogenized in 8 mol urea and 50 mmol Tris- 
HCI at pH 7.6 containing 0.1 mol 2-mercaptoethanol, 1 mmol 
dithiothreitol, and 1% protease inhibitor (Sigma, St Louis, 
USA). The non-solubilized tissue components were removed 
by centrifugation at 10 000 g for 5 min at room temperature. 
Protein concentration was assayed by the Bradford method 
before electrophoresis. 

For electrophoresis, the same amount of protein (35 ug) 
was loaded in each lane and separated in a gradient gel (8— 
250 kDa molecular weight (MW)) using the MiniProtean III 
electrophoresis apparatus (Bio-Rad, USA). For Western 
blotting, the separated proteins were transferred to 
nitrocellulose membranes, which were then stained with 
Ponceau red to verify protein transfer and incubated with 
primary mouse antibody against ephrin receptor. The primary 
antibody (CPTC-EPHB4-1) was induced in mice against an 
amino acid sequence within the Human Ephrin Receptor B4 
protein (UniProt ID P54760). The antibody was produced by 
Clinical Proteomics Technologies for Cancer, National Cancer 
Institute, and maintained by the Hybridoma Developmental 
Study Bank, University of lowa, USA, supported by the US 
NIH. For immunoblotting the antibody was utilized at 1:300 
dilution in buffer, whereas the primary antibody was omitted in 
the controls. Detection of the separated and reactive protein 
bands was performed using enhanced chemiluminescence as 
per Amersham, which employed fluorescent secondary 
antibodies against mouse immunoglobulins (ECL, Plex 
Western Blotting System, GE Healthcare, Uk). 


Fixation and microscopic methods 

The regenerating tissues were fixed for 8 h at 0—4 °C in 4% 
paraformaldehyde in 0.1 mol/L phosphate buffer at pH 7.4 and 
were then rinsed in buffer for 30 min, dehydrated in ethanol, 
clarified in xylene, and embedded in wax. 

The tissues were sectioned (6—8 um) using a microtome. 
The sections were then collected on chromolume-gelatin pre- 
coated slides and dried for 2-3h on a warm plate. 
Representative sections were stained with Hematoxylin-Eosin 
(HE) or Mallory stain for histological examination. After de- 
waxing with xylene and hydration, the sections utilized for 
immunofluorescence were initially treated for antigen retrieval 
using a microwave-oven technique. The sections were 
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immersed in 0.1 mol/L citrate buffer at pH 5.6, and tissues 
were exposed to irradiation for 6 min. After this, sections were 
rinsed in Tris buffer 0.05 mol/L at pH 7.6 containing 5% bovine 
serum albumin and were pre-incubated for 20 min with buffer 
containing 2% normal goat serum to block non-specific 
antigens. The sections were incubated for 6 h at room 
temperature with primary mouse antibody (see above) at 1:50 
dilution in buffer, whereas control sections were incubated 
with buffer only (omitting primary antibody). After rinsing in 
buffer for 10 min three times, the sections were incubated for 
60 min at room temperature with fluorescein-isothiocyanate 
conjugated to an anti-mouse IgG (FITC, Sigma, USA), diluted 
1: 200 in buffer. The sections were again rinsed three times in 
buffer, mounted in anti-fading medium (Fluoroshield, Sigma, 
USA), and observed under a fluorescence microscope using a 
fluorescein filter. Pictures were taken using a digital camera 
and digitalized using the Adobe Photoshop Program v8. 


RESULTS 


Bioinformatics and Western blotting 

Bioinformatics analysis using the Clustal-W Muscle Program 
showed that at least three ephrin-receptor proteins in the 
lizard Anolis carolinensis possessed possible epitopes 
recognized by the antibody employed here; in particular, 
ephrin receptor-B4 showed a higher identity in comparison to 
ephrin receptor-B2 and -B3 (Figure 2). 

Immunoblot detection showed a main band at 60-65 kDa 
and weak bands at 130-140 and 17 kDa (Figure 3, first lane). 
Control blots showed lower labelling only at ~65 kDa, 
suggesting that this band also contained non-specific protein 
material packed with reactive antigen (Figure 3, second line). 


Histology 

The regenerating tail was composed of mesenchymal and 
loose connective tissues at the tip for 0.3-0.5 mm. This apical 
tissues were in continuation with a loose connective 
containing fibroblast-like cells in more proximal regions 0.5- 
1.0 mm from the tip (Figure 4A, B). The thick wound epidermis 
of the apical blastema consisted of numerous layers of 
keratinocytes covered by a thin corneous layer (Figure 4B). 
The apical epidermis was undulated and formed one or more 
small apical pegs. Numerous melanocytes were seen in the 
blastema and they also infiltrated the basal layer of the 
regenerating epidermis. Near the apical epidermis, a tube of 
ependymal cells, often forming a dilated ampulla, was present 
and surrounded by a cylinder of cartilage cells (Figure 4A). 
Around the cartilage, irregular loose connective tissue 
containing spare blood vessels and nerves was present. The 
inner areas of connective tissue forming the future dermis 
contained bundles of regenerating muscles that were 
degrading into small pro-muscle aggregates toward the tip of 
the regenerating blastema (Figures 1, 4A). Moving proximally, 
the muscle aggregations formed segmented units made of 
bundles of myotubes separated by fibroblasts that gave rise to 
inter-muscle connective septa in more proximal, mature 
regions of the regenerating tail (Figures 1, 4C). 
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Figure 2 Epitope regions, amino acid position within protein (aa), and GenBank accession No. for three ephrin receptors detected in NIH 


database for Anolis carolinensis 


Regions with higher identity between epitope recognized by ephrin receptor antibody (ep) and lizard sequences are in green. Stars represent 
identities (same amino acid), colons indicate substitutive but conservative replacements (amino acids with similar 3D-shape, size, and solubility), 
and dots indicate semi-conserved substitutions (amino acids with similar size but different polarity). 
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Figure 3 Western blotting of regenerating tail showing labelled 
bands 

Reg: Regenerating sample; Cont: Control of regenerating sample (see 
text). 


Immunofluorescence 

The apical wound epidermis showed stronger immunolabelling 
in comparison to the mesenchymal blastema (Figure 5A). The 
numerous blood vessels fluoresced yellow, an indication of 
non-specific (auto-)fluorescence. Most suprabasal and 
external, pre-corneous’ keratinocytes were sparsely 
immunofluorescent, and the fluorescence appeared mainly 
localized along the peripheral cytoplasm (Figure 5B, C). Only 
basal cells in contact with the underlying blastema showed 
some nuclear labelling. Immunofluorescence decreased over 
the entire thickness of the proximal epidermis where scales 
were forming (Figures 5D, 6A). In the suprabasal layers of the 
regenerating scales, keratinocytes appeared in the course of 
differentiation to give rise to the spindle-shaped cells of the 
forming corneous layer. These differentiating cells also 
showed some labelling along their perimeter (Figure 6A). 

The cells forming the enlarged ependymal ampulla showed 
variably intense immunolabelling in their cytoplasm and 
occasionally also in the nucleus, which appeared stronger in 
comparison to that seen in the mesenchymal cells of the 
surrounding blastema (Figure 6B, C). The differentiating 
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Figure 4 Histology of regenerating tail 


A: Apical blastema with main regenerating tissues present. Hematoxylin-Eosin staining. Scale bar: 100 um. B: Wound epidermis with apical 
epidermal peg (arrow). Hematoxylin-Eosin staining. Scale bar: 25 um. C: Myomeres localized more proximally in an elongating cone and separated 
by myosepta (arrows). Mallory staining. Scale bar: 50 um, inset scale bar: 10 um. bl: blastema; ca: cartilaginous tube; ep: ependyma; ms: 


myoseptum; mu: regenerated muscles; w: wound (regenerating) epidermis. 


cartilage cells surrounding the ependymal tube also showed 
more intense labelling than that in the cells of the peripheral 
mesenchyme (Figure 6B). Small as well as larger nerves 
entering the blastema also appeared more intensely labelled 
than the cells of the surrounding mesenchyme or of the loose 
connective tissue and forming dermis (Figure 6D). In more 
proximal regions, at 0.5-3 mm from the tail tip, the external 
region of the cartilaginous tube, the perichondrium, appeared 
intensely labelled but the labelling decreased in the fusiform 
chondrocytes localized in the more central regions of the 
cartilaginous tube (Figure 7A, B). In addition, the wall of the 
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large blood vessels (containing few or no erythrocytes) 
present in the loose connective tissue surrounding the 
cartilaginous tube, showed high immunofluorescence (Figure 
7B). Erythrocytes fluoresced intensely yellow, especially when 
clustered within the lumen of the blood vessels, disturbing the 
green fluorescence of vessel walls. 

The initial pro-muscle aggregates present at the apex of the 
regenerating blastema (Figures 1, 4A), appeared more 
immunofluorescent than the surrounding mesenchyme (Figure 
7C). Strong immunolabelling was also noted in numerous 
nuclei of myoblasts of forming myomeres, and in their 





Figure 5 Immunofluorescence of blastema for ephrin receptors 


A: Blastema tip showing higher immunofluorescence of wound epidermis over mesenchymal blastema. Scale bar: 50 um. B: Labelling on apical 
epidermal peg (arrows), especially in basal layers. Scale bar: 20 um. C: Weak labelling of waved epidermis in proximal areas of blastema with 
nuclear labelling in basal layers (arrows). Scale bar: 10 um. D: Low and even labelling present in proximal regenerated epidermis. Scale bar: 20 um. 
bl: blastema; c: corneous layer; de: dermis; v: blood vessels (auto-fluorescent in yellow). Dashes underline basal layer of epidermis. 


cytoplasm (inset of Figure 7C). As the myoblasts merged into 
myotubes in more proximal regions of the regenerating tail, a 
segmented immunofluorescent pattern of the elongating 
myomeres became evident (Figure 7D). The inter-muscle 
fibroblasts appeared weakly labeled or unlabeled in comparison 
to the elongating myotubes forming the segmented myomeres 
(Figures 1, 7D, E). The immunofluorescence was nuclear but 
was also intensely localized in the cytoplasm and in the 
membranes of the growing muscle fibers. In the control sections, 
either weak or no labelling was detected in the epidermis, 
ependyma, muscles, and cartilage, aside from the yellowish 
autofluorescence present in sparse blood vessels (Figure 7F). 


DISCUSSION 


General considerations 

Based on transcriptome data as well as the present 
bioinformatics, Western blotting, and immunohistochemical 
results, ephrin receptor-like proteins were present in the 
regenerating tail of P. muralis. 

Previous transcriptome study of P. muralis has indicated 
that numerous ephrin receptor genes are variably up- 
regulated in the regenerating tail blastema, although their 
specific roles remain unknown (Vitulo et al., 2017a). They 
include ephb6 (ENSACAG00000008000, 8.0-fold expression), 
ephA4 (ENSACAG00000005061, 6.8-fold), ephb3 (ENSACAG 
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Figure 6 Immunofluorescence of tissues present in regenerating tail 


A: Weak labelling in differentiating corneous layers of forming scales, located near tail stump. Dashes underline basal layer of epidermis. Scale bar: 
20 um. B: Oblique section of apical ependymal ampulla surrounded by numerous, largely auto-fluorescent, blood vessels and from differentiating 
cartilaginous cells. Scale bar: 50 um. C: Obliquely-sectioned apical ependymal ampulla. Scale bar: 10 um. D: Regenerating nerves entering 
blastema. Scale bar: 10 um. bl: blastema; c: differentiating corneous layers; ca: regenerating cartilage; de: forming dermis; ep: ependymal; hi: hinge 


region; ne: nerve; v: blood vessels (yellowish autofluorescence). 


00000007949, 3.7-fold), ephb2 (ENSACAG00000022723, 5.8- 
fold), ephb1 (ENSACAG00000009241, 3.6-fold), and an 
unclassified ephrin type B receptor kinase gene (ENSACAG 
00000008140, 3.5-fold). Among the above receptors, ephb6, 
ephb3, ephb2, and ephA4 are tail exclusive and are not 
expressed in the scarring limb (Vitulo et al., 2017a). In the 
regenerating lizard tail, ephrb6 has been hypothesized to 
function as a tumor suppressor and is considered to be a 
differentiating signaling protein that contrasts or regulates cell 
proliferation and induces differentiation in proximal areas of 
the regenerating blastema (Alibardi, 2017a, 2017d; Vitulo et 
al., 2017a). In the apical region of the blastema, numerous 
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Wnt genes that stimulate cell proliferation are expressed, 
which might produce uncontrolled tumor-like proliferation 
without regulation. The immunolocalization of ephrin receptors 
in differentiating epidermal, muscle, and cartilaginous tissues 
supports the hypothesis of tumor-suppressor activity by ephrin 
receptors (Pasquale, 2010). 

The bioinformatics analysis of amino acid sequences 
between epitopes (Figure 3) suggests that the employed 
mouse antibody should recognize similar epitopes present in 
ephrin receptor-B4 (present in the database), and less so for 
-B3 and -B2 in A. carolinensis, and likely less also in P 
muralis (although these genes are not sequenced in the latter 





Figure 7 Immunofluorescence of differentiating tissues in proximal areas of regenerating cones 

A: Ependymal canal surrounded by cartilaginous tube. Scale bar: 20 um. B: Immunofluorescent external perichondrium and endothelium of long 
blood vessel (arrows). Scale bar: 20 um. C: Immunolabelled pro-muscle aggregate not yet segmented at this stage of regeneration (arrows) by 
apical region of regenerating blastema. Scale bar: 20 um. Inset shows labelled myoblasts and their nuclei (arrowhead). Scale bar: 10 um. D: More 
intense immunolabelled proximal segmented muscles. Scale bar: 20 um. E: Shape of inter-muscle and muscle segments (myomeres) with labelled 
nuclei at extremities of myotubes (arrows). Scale bar: 20 um. F: Immuno-negative control sections showing area comprising proximal epidermis 
(underlined by dashes), dermis, and part of a myomere. Scale bar: 20 um. ca: regenerating cartilage; ep: ependymal; my: myotome; ms: 


myoseptum; w: wound epidermis. 


species). The immunoblotting results showed that very low 
immunoreactive bands were detected within the expected 
molecular weight (MW) for the entire receptor, i.e., 120- 
140 kDa (Figure 4). Instead the main band at 60-65 kDa, 
partially specific as it was probably mixed with other abundant 
proteins of similar MW, was interpreted as a degraded form of 
the original protein. It remains undetermined whether this 
lower MW form was derived from a physiological or artifact 
process of degradation due to the extraction method. 

The present results are partially supported by biochemical 


studies on nervous tissues, fibroblasts in culture, and other 
mouse organs, where ephrin receptor-B1 and -B2 can 
produce degraded forms at 65 and 45 kDa under the 
proteolytic action of matrix metalloproteases (Lin et al., 2012; 
Tomita et al., 2006). These enzymes are present in the 
blastema (Gilbert et al., 2015), as also shown in previous 
transcriptome study on P. muralis (Vitulo et al., 2017a). The 
protein fragments could be further processed to give rise to 
15-17 kDa products. The cleavage of the intra-membrane and 
cytoplasmic region of the ephrin receptor operated by a y- 
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secretase (Bong et al., 2007; Tomita et al., 2006) suggests 
that a cytoplasmic fragment of the receptor moves into the 
nucleus, although its proliferative or anti-proliferative role is 
not known. The nuclear localization seems to activate the 
transcriptional activator protein STAT3, which induces various 
cellular responses, including cell growth and movement, but 
also apoptosis (Bong et al., 2007). 

In the present observation on lizard blastemas, we did not 
determine whether the nuclear localization seen in basal 
epidermal cells and muscle cells also activated specific genes 
and relative function. Based on the known role of complex 
ephrin receptors on the cytoskeleton (Klein, 2012; Palmer & 
Klein, 2003; Park & Lee, 2015), we suggest that possible 
cleavage of ephrin receptors determines intracellular 
responses, producing cytoskeletal rearrangements and 
repulsion among cells. This process induces the formation of 
boundaries and compartments within tissues, in particular in 
regenerating muscles that become segmented. Whether the 
60-65 and 15-17 kDa immunoreactive bands detected in the 
lizard blastemas indicate biochemical processing of the ephrin 
receptors remains to be demonstrated as the main purpose of 
the Western blotting analysis was to detect the presence of 
immunoreactive bands in support of the immunolocalization 
study. 


Ephrin receptors in regenerating epidermis 

Ephrin-A2, -A3, and -A4 are the more common ephrin 
receptors found in the human epidermis, where they exert 
inhibitory activity on basal cell proliferation (tumor, 
suppressors), while stimulating keratinocyte differentiation (Lin 
et al., 2012; Perez-White & Getsios, 2014). These receptors 
likely promote cell communication and adhesion among 
keratinocytes, modulating the formation of cell junctions (Lin 
et al., 2012; Perez-White & Getsios, 2014). In the suprabasal 
keratinocytes of the lizard epidermis, the cytoplasmic labelling 
appears mainly along the perimeter of keratinocytes, reflecting 
the localization of this receptor. Ephrins and their receptors 
may be involved in the differentiation of cells that give rise to 
beta- and alpha-corneous layers of the scales (Alibardi, 1994, 
1995, 2014). 

During the early stages of skin wound healing in mice, 
between 12 h to 7 d post injury, ephrin-B1 and its receptor 
ephrin-B2 are detected along the cell perimeter of migrating 
keratinocytes that cover open wounds (Nunan et al., 2015). It 
is believed that this process occurs by loosening the tight and 
adherens junctions, but not desmosomes, facilitating the 
rolling movement of migrating keratinocytes along the wound 
border. A likely rolling movement has also been shown in the 
regenerating wound epidermis of lizards (Alibardi, 1994) in 
regions equivalent to the lateral and apical wound epidermis 
where ephrin-receptor immunoreactivity is present. Once the 
epidermis covers the tail stump, it starts to stratify and 
proliferate to keep pace with the expanding mesenchymal 
blastema that pushes elongation of the regenerating tail. 

The immunolocalization of ephrin receptors, especially of 
ephrin receptor-B4, the subtype most likely recognized by the 
present antibody, in basal cell nuclei of the apical wound 
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epidermis suggests that the receptor may be involved in the 
control of epidermal proliferation activity. These cells also 
contain most p53/63 immunolabelling, another negative 
regulator of cell proliferation (Alibardi, 2016). Basal 
keratinocytes contain high levels of proliferative markers such 
as telomerase, FGFreceptors, EGFreceptors, and c-myc 
(Alibardi, 2014, 2017a). The immunolocalization of anti- 
proliferative (tumor-suppressors) and proliferative (oncogenes 
or tumor activators) proteins in the basal layer of the apical 
regenerative epidermis indicates that strong competition 
between proliferative and anti-proliferative activities is present 
in these cells. Colocalization of activators and suppressor 
proteins in the same cells has been noted in other cases, 
reinforcing the concept of balanced regulation (Yang et al., 
2014). In the wound epidermis of the apical regions of a lizard 
blastema, 0.5-1.5 mm from the tip, active cell multiplication 
occurs along the entire epidermis, but in more proximal 
regions, where scales are forming, the rate of cell 
multiplication decreases and becomes limited to smaller 
regions of the forming scales (Alibardi, 1994; Wu et al., 2014). 
In conclusion, ephrin receptors in concert with other tumor 
suppressors appear essential for the control of epidermal 
regeneration and scale morphogenesis. 


Ephrin receptors in regenerating spinal cord and nerves 
Ephrins and their receptors participate in the segregation of 
neurons in different neuromeres of the brain and also 
stimulate axonogenesis in the spinal cord (Henkemeyer et al., 
1994; Klein, 2012; Palmer & Klein, 2003; Park & Lee, 2015). 
The regenerating spinal cord in the tail of lizards includes the 
ependyma of the simplified spinal cord, whose cells 
fasciculate the descending axons derived from neurons 
localized in the original spinal cord and those directed toward 
the tip of the blastema (Alibardi & Miolo, 1995; Simpson & 
Duffy, 1994). Peripheral nerves are instead derived from the 
last three spinal sensory ganglia proximal to the regenerating 
blastema and from motor neurons present in the closest 
spinal cord segments to the blastema (Cristino et al., 2000a, 
2000b). Both nerves and ependymal cells contain ephrin 
receptors, suggesting that these proteins are also involved in 
axonogenesis during lizard tail regeneration. 


Ephrin receptors in regenerating mesodermal tissues 

The near to total absence of ephrin receptors in mesenchymal 
cells of the blastema indicates that these proteins are little 
expressed in undifferentiated cells. Conversely, the labelling of 
ephrin receptors in differentiating cells of forming blood 
vessels, myotomes, and perichondria of cartilaginous tubes 
suggests that these proteins are involved in the differentiation 
of mesodermal cells. The strong expression of ephrin 
receptors in segmental muscles implicates these proteins and 
their receptors in the determination of segmentation during 
regeneration, as is the case during development (Durbin et 
al., 1998; Stark et al., 2011). Only cells that express these 
receptors (myogenic) and not other types initially mixed with 
myoblasts, especially the fibroblasts destined to form inter- 
muscle septa (Figure 1B, C), appear capable of merging into 


myotubes and myomeres. Ephrin receptors may determine 
the repulsion of myoblasts from fibroblasts mixed in the apical 
blastema, determining the initial formation of pro-muscle 
aggregates and later of the myomeres (Alibardi, 1995; Cox, 
1969; Hughes & New, 1959; Figure 1A—D). Ephrin receptors 
may promote the aggregation of myogenic cells that initiate to 
form myotubes, with the latter elongating by the incorporation 
of new myoblasts. The lack of expression of numerous ephrin 
genes in limb blastemas (Vitulo et al., 2017a) further explains 
the absence of regeneration and segmentation of muscle cells 
in this organ, which is destined to form a short scarring 
outgrowth. 

In contrast to the muscles, no patterned distribution of 
ephrin receptors was observed along the differentiating 
cartilaginous tube and no segmentation into vertebrae 
occurred, although this discrepancy between muscle and 
cartilage morphogenesis remains unexplained. Ephrins and 
their receptors are involved in the formation of the initial 
cartilaginous condensations in developing mammalian and 
avian limbs (Compagni et al., 2003; Davy et al., 2004; Wada 
et al., 2003), and this also appeared in the lizard’ s growing 
blastema. Condensing cartilaginous cells express ephrin-B1, 
whereas the forming perichondrium more intensely expresses 
ephrin receptor-A4. We hypothesize that an altered 
developmental mechanism determines the localization of 
ephrin-B receptors along the entire perichondrium formed 
around the two peripheries of the cartilaginous tube (Alibardi, 
2014; Lozito & Tuan, 2015, 2016; Figure 1E). This even 
expression of ephrin receptors is somehow correlated with the 
lack of segmentation of the cartilaginous tube. Future 
experimental studies that perturb the pattern of expression of 
ephrins and their receptors, especially ephrin receptors-B4 
and -B6, may confirm or refute this hypothesis. 


CONCLUSION 


The high up-regulation of ephrin receptors detected by 
previous transcriptome research (Vitulo et al., 2017a) in 
combination with the results of the present study suggest that 
ephrin receptors are present in the regenerating tail. We 
hypothesize that these proteins act as possible tumor 
suppressors and differentiating factors that normalize the 
growth of the proximal tissues located at some distance (0.5— 
1.0 mm) from the tip of the tail blastema. It is likely that the 
ordered process leading to tail regeneration depends on cross- 
talk between positive genes that stimulate cell proliferation 
(oncogenes) and those limiting proliferation (tumor 
suppressors) that instead trigger differentiation. When the 
balance is shifted toward proliferation, as in the apical 
blastema, cell multiplication increases, whereas in more 
proximal regions anti-proliferative processes prevail and the 
rate of cell multiplication decreases or is limited to smaller 
regions of the forming scales, muscles, cartilage, nerves, and 
blood vessels. Ephrin receptors, in concert with other tumor 
suppressors (e. g., Rb, p53/63, apc), are likely essential to 
maintain the growth of the blastema without turning it into an 


uncontrolled tumor outgrowth. 
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ABSTRACT 


Small populations with low genetic diversity are 
prone to extinction. Knowledge on the genetic 
diversity and structure of small populations and their 
genetic response to anthropogenic effects are of 
critical importance for conservation management. In 
this study, samples of Ancherythroculter nigrocauda, 
an endemic cyprinid fish from the upper reaches of 
Yangtze River, were collected from five sites to 
analyze their genetic diversity and population 
structure using mitochondrial cytochrome b gene 
and 14 microsatellite loci. Haplotype diversity, 
nucleotide diversity, and expected heterozygosity 
indicated that the A. nigrocauda populations had low 
genetic diversity, and decreased heavily from 2001 
to 2016. Significant genetic differentiation was found 
among different populations in the cyt b gene and 
SSR markers based on the genetic differentiation 
index (Fst), whereas no differentiation was found in 
2001. Haplotype genealogy showed that eight out of 
15 haplotypes were private to one population. The 
SSR STRUCTURE analysis showed that there were 
four genetic clusters in the A. nigrocauda samples, 
with each population forming a single cluster, except 
for the Chishui River (CSR) and Mudong River 
(MDR) populations, which formed a common cluster. 





Open Access 

This is an open-access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License  (http:// 
creativecommons. org/licenses/by-nc/4.0/), which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Copyright ©2019 Editorial Office of Zoological Research, Kunming 
Institute of Zoology, Chinese Academy of Sciences 


Science Press 


Therefore, loss of genetic diversity and increased 
genetic differentiation were found in the A. 
nigrocauda populations, which could be attributed to 
dam construction, overfishing, and water pollution in 
the upper Yangtze River. It is therefore 
recommended that the government should ban 
fishing, control water pollution, increase river 
connectivity, and establish artificial breeding and 
stocking. 


Keywords: Genetic diversity; Population structure; 
Temporal change; Conservation 


INTRODUCTION 


Genetic diversity of a species determines its adaptive capacity 
and evolutionary potential (Altizer et al., 2003; Pinsky & 
Palumbi, 2014). Small populations of narrowly distributed 
species often have low genetic variation within populations but 
high genetic differentiation among populations due to genetic 
drift and restricted gene flow (Gibson et al., 2008; Hamrick & 
Godt, 1996; Young et al., 1996). Moreover, adverse 
anthropogenic influences can accelerate loss of genetic 
diversity within populations and differentiation among 
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populations (Frankham, 2002). Genetic impoverishment can 
accelerate the process of local extinction of small populations 
(Hedrick & Kalinowski, 2000). An understanding of the genetic 
variability and structure of small populations and their genetic 
responses to anthropogenic effects is of critical importance for 
conservation management (Keyghobadi, 2007; Zhang et al., 
2007) and for formulating the appropriate scales and subunits 
(Moritz, 1999) for sustainable long-term conservation. 

The Yangtze River is the largest river in China and the third 
longest river in the world, with a total length of 6 300 km and a 
drainage area of 1 800 000 km?. The Yangtze River supports 
378 fish species, of which 162 are endemic (Yu et al., 2005), 
representing the highest fish diversity in the Palearctic region 
(Matthews, 1998). The upper Yangtze River refers to the 
reach above Yichang City and reportedly contains 124 
endemic fish species (Cao, 2011). Therefore, the upper 
Yangtze River is a crucial area for the conservation of fish 
diversity and genetic resources. However, due to dam 
construction, overfishing, and water pollution, fish diversity in 
this region has decreased sharply and many species have 
become endangered (Fu et al., 2003; Park et al., 2003; Zhong & 
Power, 1996). 

Ancherythroculter nigrocauda, belonging to Cyprinidae in 
Cypriniformes, is an important commercial and aquaculture 
species in China and an endemic fish from the upper Yangtze 
River, where it predominantly inhabits the main river and its 
tributaries (Ding, 1994). This species is sedentary and lays 
adhesive eggs from April to August during the rainy season 
(Cao et al., 2007; Liu et al., 2013). The minimum age of 
sexual maturity of A. nigrocauda is one year, and the body 
length at 50% sexual maturity estimated to be 106 and 125 mm 
for males and females, respectively (Liu et al., 2013). Its 
absolute fecundity varies from 11 300 to 504 630 eggs, with a 
mean of 162 377 eggs (Liu et al., 2013). In recent years, 
however, the natural populations and distribution areas of A. 
nigrocauda have declined significantly (Liu, 2013). While 
previous studies have reported on the age and growth (Xue & 
He, 2001), reproductive biology (Liu et al., 2013), and artificial 
propagation (Tan et al., 2004; Yin & Lv, 2010) of A. 
nigrocauda, very little is known about the genetic diversity and 
structure of populations in the upper Yangtze River. Liu et al. 
(2005) conducted a study on the genetic diversity and 
population structure of A. nigrocauda with samples collected 
from 2001 to 2002 in the upper Yangtze River, and found high 
genetic diversity and no genetic differentiations among 
different geographical populations. However, that study had a 
limited sample size (43 samples from three localities) and only 
recovered a 546 bp fragment of the cytochrome b (cyt b) 
gene. Moreover, due to a sharp decline in the natural 
populations of A. nigrocauda over the past few decades and 
substantial environmental changes in the upper Yangtze River 
after the impoundment of the Three Gorges Dam (TGD), it is 
likely that both the genetic diversity and population structure 
of A. nigrocauda in the upper Yangtze River have been 
impacted. 

In the current study, samples of A. nigrocauda were 
collected from five sites in the upper Yangtze River. We 
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analyzed the genetic diversity and population structure of fish 
samples from the five different sites based on the cyt b gene 
and simple sequence repeat (SSR) markers and compared 
the results with those of Liu et al. (2005). The cyt b gene was 
used in the current study for better comparison with Liu et al. 
(2005). The cyt b gene is part of the mitochondrial genome, 
whereas SSR loci are distributed on genomes and have 
advantages of high polymorphism and _ codominance, 
therefore, the combination of cyt b gene and SSR markers is 
a powerful tool in studies on population genetics. This study 
aimed to determine the genetic diversity and population 
structure, as well as temporal changes, of A. nigrocauda in the 
upper Yangtze River, and provide important information for the 
conservation of this species. 


MATERIALS AND METHODS 


Samples collection and DNA extraction 

From 2016 to 2017, a total of 239 A. nigrocauda samples 
were collected from five localities (Longxi River (LXR), Chishui 
River (CSR), Mudong River (MDR), Modao Stream (MDS), 
and Daning River (DNR)) in the upper Yangtze River (Figure 
1, Table 1). Dorsal muscle used for DNA extraction was 
clipped from each of the fish, and then preserved in 95% 
alcohol in 5 mL cryogenic vials and stored at -20 °C. Total 
DNA was extracted from alcohol preserved muscle tissue 
using proteinase K digestion at 55 °C for 3—5 h, followed by 
phenol/chloroform extraction (Kocher et al., 1989). 


Table 1 Sampling sites, sample site codes, GPS locations, and 
samples sizes ofA. nigrocauda in the upper Yangtze River, China 


Sample 
size (n) 


28°54'46" 105°30'51" 64 
28°48'03" 105°50'22" 38 
29°33'56" 106°50'16" 36 
30°49'04" 108°51'46" 39 
31°16'37" 109°49'00" 62 


Sample site Code GPS location (N E) 





Longxi River LXR 
Chishui River CSR 
Mudong River MDR 
Modao Stream MDS 
Daning River DNR 


mtDNA amplification and sequencing 

All 239 samples were used for mtDNA amplification. The 
mtDNA cyt b gene was amplified using polymerase chain 
reaction (PCR) in 30 uL reactions containing 3 uL of reaction 
buffer (200 mmol/L Tris-HCL pH 8.4, 500 mmol/L KCL, 
50 mmol/L MgCL), 1.5 uL of dNTPs (1 mmol/L), 1 uL of each 
primer (10 pmol/L), 0.25 uL (2.5 U) of Tag DNA polymerase, 
3 uL of template DNA, and 20.25 uL of H,O. Primer sets were 
L14724 5'- GACTTGAAAAACCACCGTTG-3' and H15915 5'- 
CTCCGATCT CCGGATTACAAGAC-3' (Xiao et al., 2001). The 
PCR profile was initial denaturation at 94 ° C for 4 min; 
followed by 35 cycles at 94 °C for 45 s, 54 °C for 45 s, and 
72 °C for 1 min; then one cycle at 72 °C for 10 min. The PCR 
products were purified and sequenced by Shanghai DNA 
Biotechnologies Company. 





E104°35' 


E106°35' 


Figure 1 Sampling sites (stars) of A. nigrocauda in upper Yangtze River 
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LXR: Longxi River; CSR: Chishui River; MDR: Mudong River; MDS: Modao Stream; DNR: Daning River. 


SSR amplification and electrophoresis 

A total of 161 samples from the five localities (sample size of 
each locality is described in Table 7) and 14 polymorphic SSR 
loci were used in this study. Primers for the 14 microsatellite 
loci were developed using fast isolation with the amplified 
fragment length polymorphism (AFLP) of sequences 
containing repeats (FIASCO) protocol. The specific sequence, 
optimum annealing temperature, and GenBank accession No. 
for each microsatellite primer are listed in Supplementary 
Table S1. Amplification of DNA was performed in a 10 uL 
reaction mixture. The PCR profile was initial denaturation at 
94 °C for 3 min; followed by 28 cycles at 94 °C for 30 s, 
annealing temperature for 40 s, and 72°C for 1 min; then one 
cycle at 72°C for 10 min. The PCR products were 
electrophoresed in 8% non-denaturing polyacrylamide gels on 
a Sequi-Gen GT system (Bio-Rad, USA) . The gels were then 
stained using Ultra GelRed before being photographed. Lastly, 
the allele sizes were obtained manually by referring to the 
pBR322 DNA/Msp | marker (Tiangen Biotechnologies, China). 


mtDNA sequence analysis 

MEGA7 was used to align and edit the nucleotide sequences 
(Kumar et al., 2016). The haplotype frequency, haplotype 
diversity, and nucleotide diversity were calculated with DnaSP 
v5.10 (Librado & Rozas, 2009). Arlequin v3.0 (Excoffier et al., 
2005) was used to perform analysis of molecular variance 
(AMOVA) and compute pairwise F,; values (Excoffier et al., 
1992). A neighbor-joining (NJ) phylogenetic tree was 
constructed using MEGA7 (Kumar et al., 2016). The median 
joining algorithm from Network 4.6 was used to construct a 
haplotype network (Bandelt et al., 1999). Tajima’s D and Fu’s 
F, tests were implemented in Arlequin v3.0 (Excoffier et al., 


2005) to test for departure from neutrality due to population 
expansion or selection. Mismatch distribution analysis was 
used to further detect demographic expansion using DnaSP 
v5.10 (Librado & Rozas, 2009). 

In addition, we compared our results with that of Liu et al. 
(2005) to determine the temporal changes in genetic diversity 
and population structure of A. nigrocauda from 2001 to 2016. 
Sequences from this study were downloaded from GenBank 
(accession Nos. AY493869—AY493886) and reanalyzed using 
the above methods. Because the obtained length of the cyt b 
gene was only 546 bp in Liu et al. (2005), we also aligned and 
edited our sequences to 546 bp to ensure accurate 
comparison and analysis. Our specific sample sites in the 
Longxi and Mudong rivers were the same as those of Liu et al. 
(2005), and our sample site in Chishui River was next to the 
sample site of Liu et al. (2005) in Xishui River, a tributary of 
Chishui River. Thus, we compared the present genetic 
diversity and population structure of A. nigrocauda from these 
three localities with the results of Liu et al. (2005). 


SSR data analysis 

Micro-checker v2.2.1 (Van Oosterhout et al., 2004) was used 
to check possible large allele dropout, scoring errors due to 
stuttering, and null alleles. Deviations from the Hardy- 
Weinberg equilibrium (HWE) and linkage disequilibrium (LD) 
across all pairs of loci were assessed in GENEPOP v4.7.0 
(Rousset, 2008) using the exact test with Markov chain 
algorithm (Guo & Thompson, 1992; P-values were estimated 
from 10 000 dememorizations, 100 batches, and 5 000 
iterations per batch). Significance levels for multiple 
comparisons were adjusted using the sequential Bonferroni 
correction (Rice, 1989). 
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The number of alleles (A), observed (Ho) and expected (He) 
heterozygosity, and polymorphic information content (PIC) per 
locus were calculated using Cervus v3.0 (Kalinowski et al., 
2007). Standardized allelic richness (Ar) was calculated using 
Fstat v2.9.3.2 (Goudet, 2001). Arlequin v3.0 (Excoffier et al., 
2005) was used to perform analysis of molecular variance 
(AMOVA) and compute pairwise F,; values (Excoffier et al., 
1992). 

The heterozygote excess test was performed to detect 
recent bottleneck effects using Bottleneck v1.2.02 with the 
Wilcoxon test under the Two-Phased Mutation Model (TPM) 
(Cornuet & Luikart, 1996). Piry et al. (1999) suggested that 
the TPM of mutation for microsatellite loci was appropriate 
with 95% single-step changes and a variance of 12. 

Bayesian assignment analysis was applied to infer the 
number of genetically differentiated clusters (K) using 
STRUCTURE v2.3.4 (Pritchard et al., 2000). We performed 10 
replications for each K starting from one to nine (400 000 
iterations with 100 000 burn-in periods) under an admixture 
model and correlated allele frequencies within populations 
(Falush et al., 2003). The optimal K value was determined by 
comparing the mean log probability LnP (K) and calculating 
the AK value for each K (Evanno et al., 2005) using Structure 
Harvester (Earl & vonHoldt, 2012; available at http: //taylor0. 
biology. ucla. edu/structureHarvester/). Outputs from Structure 
Harvester were further analyzed using CLUMPP v1.1.2 
(Jakobsson & Rosenberg, 2007), which estimates 
membership coefficients across replicate analyses. Outputs 
from CLUMPP were then used directly as inputs in 
DISTRUCT v1.1 (Rosenberg, 2003), which assists in the 
visual presentation of these estimated membership 
coefficients. According to previous studies, individuals were 
able to assign to one of the inferred clusters when the 
corresponding membership proportion was >0.80 (Mukesh et 
al., 2013; Oliveira et al., 2008). 


RESULTS 


Cyt b gene marker 
Genetic diversity and demographic history 
Following alignment, a 1 140 bp cyt b gene sequence was 
obtained for 239 individuals. No deletions or insertions were 
observed. The average base composition was A=29.19%, T= 
27.59%, G=14.45%, and C=28.76%. Within the 1 140 bp 
region, 13 sites were variable, including nine parsimony 
informative sites and four singleton variable sites. We 
identified 15 haplotypes (GenBank accession Nos.: MH665369— 
MH665383) from the 239 individuals, and the numbers of 
haplotypes ranged from four to nine for each sampled 
population. For the five populations, haplotype diversity 
ranged from 0.488 to 0.794, with a mean value of 0.786. 
Nucleotide diversity ranged from 0.084% to 0.163%, with a 
mean value of 0.141% (Table 2). 

Some Tajima’s D and Fu’s F, test values were negative in 
the five populations, though none were statistically significant, 
which suggests no expansion for the A. nigrocauda 
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populations(Table 2). Furthermore, all mismatch distributions 
for each population and the whole population exhibited a 
multimodal distribution (Figure 2), further indicating no 
population expansion. 


Population structure 

The AMOVA based on haplotype frequencies revealed that 
76.19% of the genetic variation occurred within populations, 
whereas 23.81% occurred among populations, thus 
suggesting significant genetic variation among the populations 
(Table 3). Pairwise F,, values between the populations are 
listed in Table 4. Results showed significant genetic 
differentiation between each population pair, except for that 
between the MDS and DNR populations. 

The NJ phylogenetic tree indicated there were four clades 
of the 15 haplotypes (Figure 3), which was confirmed with the 
haplotype network (Figure 4). Each of the four clades was 
shared by three to five populations; thus, no obvious 
genealogical geographic pattern was formed. In regard to 
haplotype distribution, Hap 1, Hap 2, and Hap 3 were the 
main haplotypes, shared by more than three populations; 
however, eight of the 15 haplotypes were found in one 
population only. 


Temporal changes 

A total of 43 sequences from Liu et al. (2005) were obtained 
for the LXR, CSR, and MDR populations. The haplotype 
diversities of the three analysed populations were 0.812, 
1.000, and 0.833 in Liu et al. (2005), but 0.469, 0.656, and 
0.707 in the present study, respectively. The nucleotide 
diversities of the three analysed populations were 0.436%, 
0.488%, and 0.400% in Liu et al. (2005), but 0.090%, 0.204%, 
and 0.177% in the present study, respectively. These results 
indicated that the genetic diversity of A. nigrocauda has 
declined sharply in the three sampling sites from 2001 to 2016 
(Table 5). The pairwise Fs values among the three 
populations were -0.018 62, 0.013 38, and -0.044 13 (all non- 
significant, P>0.05) in Liu et al. (2005) and 0.095 23, 0.185 
18, and 0.092 84 (all significant P<0.05) in the present study. 
These results demonstrated significant genetic differentiation 
in 2016 but not in 2001 (Table 6). 


SSR marker 
Genetic diversity and bottleneck effects 
No large allele dropout or scoring errors due to stuttering were 
detected by Micro-Checker; however, An63 and An114 in LXR, 
An72 in CSR, An65 in MDS, and An63 and An65 in DNR all 
showed the presence of null alleles. Eleven out of 70 tests 
differed significantly from the HWE after Bonferroni correction, 
whereas no significant deviation from the HWE was detected 
in any locus across all populations (Supplementary Table S2). 
No linkage disequilibrium was found among SSR locus pairs, 
except for An63 and An114 in the CSR population and An63 
and An76 in the DNR population. 

For the five populations, the average number of alleles per 
population ranged from 4.929 to 10.286 and the average 
allelic richness per population ranged from 4.817 to 9.876. 


anjea-q 


‘els əjdwes yore WO SjenpiAlpul Jo JequuNU syedIpU! SJeyORI u, SIOQUINN “eUlYD “any ezjGue, seddn wouy epnesoiblu ‘y jo se|dwes gez UO paseq aie epeq 





6LY'0 9ge'0 6S2'0 ZELO €ze'0 9640 
9S 699`0- Z4 4490- 6S 6SZ'L 86 SSZ'Z- 66 60Ļ'1- GZ vL0'0- S4s.n4 
219°0 8S0 ZL90 ozro 629°0 0s9'0 anjer-d 
9€ 760'0 vS 6E0'0- GZ 6EL'0 LG 8€z'0- v6 9ZE'0 79 €8Z°0 a s euwife, 
70 000'0FLY L00°0 20 000°0#Z6 000'0 LL 000'0F60 1000 LL 000°0FSS 100°0 EL 000°0FE9 L00°0 60 000'0F78 000'0 AUSJOAIP SpHosjonN 
910°0F98Z'0 80 0FVL9'0 9r0'0F86S'0 670 0FF6Z'0 8€0'0F68Z'0 0S0'0F88r'0 Ayssanip əƏdÁojdeH 
€8ES99HN Z v00'0 8 1Z0°0 gidey 
Z8ES9I9HIN v 800`0 9 S900 vLdeH 
LBESIJHIN 9ZL0°0 6 920'0 erdeH 
O8ESIJHIN Z v00'0 9 SLO'0 zĻdeH 
6ZES99HN 2910°0 9 ¢G0°0 € 9Z0'0 9 SLO'O ĻĻdeH 
8ZES99HIN Z v00'0 € 9Z0'0 ordeH 
ZLES99HN 0 970'0 8 ZZ0`0 Z e9z'0 6deH 
9ZES99HIN € 6Z0'0 Z v8l'0 gdeH 
SZES99HIN € 9200 9 SZ0`0 6 88€°0 6 820'0 2deH 
YLES9I9HIN Z v00'0 L 9L0°0 gdeH 
EZES9I9HIN 0 970'0 8 960°0 € €80°0 € 9Z0'0 9 SLO'0 gdey 
ZLES9I9HIN Z v00'0 L 9L0°0 ydey 
LZES99HIN ATAS) € ZE0°0 LLO L ZvE'0 € 959°0 edeH 
OZES9I9HIN €Zvl'0 € 062°0 9 y8e'0 8 1Z0°0 zdeH 
69ES99HIN € Lve'0 v 8bS°0 8Z1S'0 Z ZZZ oO 9 ZS0°0 6 962'0 ĻdeH 
Aouenba.y ədÁ}ojdeH 
a panei (6€Z) e01 (z9) YNG (6€) SAW (9€) Yan (8€) USO (r9) XT ays əjdweg 
sisAjeue 


q 349 JeLpuoYyso}IW uo pəseq suopejndod epnesosbiu ‘y aA 10} S}SƏ} Ayyesyn|U pue ‘AyISIBAIP BPHOsonu ‘AyisiaAIp ədÁzojdey ‘uoNNqiysip Aouenbay adAyojdey Z əlqeL 


431 


Zoological Research 40(5): 427-438, 2019 


0.6 p LXR 0.4 











04 + NDR 0.6 
> 03 
= 
3 
2 o2 
O 
— 
mo 

0.0 

0 5 10 15 20 
06 r DNR 0.6 

















CSR --e - Observed value 
Expected value 


A MDS 





ALL 





Pairwise differences 
Figure 2 Mismatch distributions for each analyzed population and all 239 samples of A. nigrocauda sampled from upper Yangtze River 


Table 3 Analysis of molecular variance (AMOVA) for five A. nigrocauda populations based on mtDNA and SSR analyses 


Source of variation df Sum of squares Variance component Percentage variation Far P 
mtDNA 

Among populations 4 40.543 0.201 96 23.81 0.238 14 0 
Within populations 234 151.189 0.646 11 76.19 

Total 238 191.732 0.848 07 

SSR 

Among populations 4 309.614 1.127 46 18.98 0.189 83 0 
Within populations 317 1 525.355 4.811 84 81.02 

Total 321 1 834.969 5.939 31 


Data are based on 239 and 161 samples of A. nigrocauda from upper Yangtze River, China, respectively. 


The average observed heterozygosity per population ranged 
from 0.595 to 0.746, whereas the average expected 
heterozygosity per population ranged from 0.649 to 0.816. No 
significant heterozygote excess (P>0.05) was detected for the 
five populations under the TPM, indicating no recent 
bottleneck effects (Table 7). 


Population structure 
Similarly, for SSR analysis, AMOVA revealed significant 
genetic differentiation among the five populations (F,,= 
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0.18983, P<0.05) (Table 3). The pairwise F,, values varied 
from 0.088 86 to 0.246 93, which were all statistically 
significant (P<0.05) after Bonferroni correction, suggesting 
significant genetic differentiation between each population pair 
(Table 4). When conducting STRUCTURE analysis, LnP(kK) 
showed no clear peak, but AK reached a maximum value 
when K=4, inferring there were four genetic clusters in the A. 
nigrocauda samples (Figure 5). The membership proportions 
of the four inferred genetic clusters in the five populations are 
listed in Table 8, which showed little gene flow among the five 


Table 4 Pairwise F,, values based on cyt b analysis of 239 
samples (below diagonal) and SSR analysis of 161 samples 
(above diagonal) of A. nigrocauda from five different sites in 
upper Yangtze river, China 


Population LXR CSR MDR MDS DNR 
LXR 0.226 56* 0.228 63* 0.246 93* 0.211 17* 
CSR 0.152 51* 0.088 86* 0.187 23* 0.173 27* 
MDR 0.113 45* 0.102 40* 0.163 89* 0.203 83* 
MDS 0.348 66* 0.296 86* 0.260 19* 0.149 23* 
DNR 0.342 81* 0.320 61* 0.282 98* - 0.00 426 





*: P<0.05 after Bonferroni correction. 
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Figure 3 Neighbor-joining phylogenetic tree of 15 haplotypes of 
A. nigrocauda samples from five different sites in upper Yangtze 
River, China, inferred from cyt b sequences 

A to D represent four clades. 


populations, except for between CSR and MDR. The 
membership proportions of the four inferred clusters in each 
sample are listed in Supplementary Table S3. After removing 
the individuals that could not be assigned to one of the four 
clusters, the remaining samples from each population formed 
a single cluster, except for the CSR and MDR populations, 
which formed a common cluster. AMOVA revealed significant 
genetic differences among the four clusters (F,;=0.16596, P< 
0.05) (Table 9). 


DISCUSSION 


Genetic diversity 
The present study indicated that A. nigrocauda had lower 
genetic diversity compared to other endemic fishes in the 


upper Yangtze River. For instance, Li et al. (2018) reported 
haplotype and nucleotide diversities for the Hemiculterella 
sauvagei from the Chishui River of 0.895 and 0.487%, 
respectively. Zhang & Tan (2010) reported average observed 
and expected heterozygosities for the largemouth bronze 
gudgeon (Coreius guichenoti Sauvage et Dabry) from the 
upper Yangtze River of 0.838 and 0.841, respectively. The 
genetic diversity of A. nigrocauda from Longxi River was the 
lowest among the five sample sites, which could be attributed 
to population fragmentation due to the eight constructed dams 
along that river (Wang, 1994). Dams can decrease genetic 
diversity and increase genetic drift by reducing effective 
population size and limiting gene flow among populations 
(Jager et al., 2001). Hanfling & Weetman (2006) found that 
the genetic diversity of isolated upstream river sculpin (Cottus 
gobio) population was lower than that of downstream 
population, and Zhao et al. (2016) found the same result in 
fragmented Sinibrama macrops populations in Min River, 
China. 

Comparison between our results and those of Liu et al. 
(2005) indicated that the genetic diversity of A. nigrocauda 
has declined sharply in the upper Yangtze River from 2001 to 
2016. This loss of genetic diversity could be attributed to 
adverse anthropogenic factors, such as damming, overfishing, 
and water pollution. Ancherythroculter nigrocauda is a cyprinid 
fish endemic to the upper Yangtze River, and has developed a 
high degree of adaptability to the lotic environment of this 
region during its long evolution. However, the Three Gorges 
Project and Jinsha River Project in the upper Yangtze River 
have fragmented the river and transformed the free-flowing 
water into a lacustrine environment (Neraas & Spruell, 2001; 
Nilsson et al., 2005), which has reduced the natural habitats 
of A. nigrocauda. Thus, the populations of A. nigrocauda have 
decreased accordingly (Park et al., 2003). Moreover, 
overfishing, which is common in the Yangtze River (Gao, 
2008; Liu, 2013; Wang et al., 2015; Xiong et al., 2016; Zhu & 
Chang, 2008), has probably reduced population size and 
genetic diversity of A. nigrocauda through fishing mortality. 
Similarly, water pollution (He et al., 2011; Liu et al., 2009; Xu, 
2010; Yi et al., 2016) in the upper Yangtze River has also 
probably reduced population size by imperiling the feeding 
and reproductive biology of the fish. 


Population structure 
Both cyt b and SSR markers showed significant genetic 
differentiations among the populations in the present study. 
Based on the pairwise F,, values, no significant genetic 
differentiation was observed between the MDS and DNR 
populations in the cyt b analysis. However, this differed from 
the SSR analysis results, suggesting that the SSR marker 
may be more sensitive than the cyt b marker in studying 
genetic variation, especially among closely related populations 
or populations sampled over a reduced geographical scale 
(Estoup et al., 1998; Harrison & Hastings, 1996). 

According to our reanalysis, however, no genetic 
differentiation was found among the populations by cyt b 
analysis in Liu et al. (2005), which might be due to the small 
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Figure 4 Median-joining network of 15 haplotypes of A. nigrocauda samples from five different sites in upper Yangtze River, China, 


inferred from cyt b gene sequences 


Each circle represents a haplotype, and its size is proportional to its total frequency. 


sample size. Studies have shown that modification of 
ecological environments by human activities can affect fish 
population genetic structure (Meldgaard et al., 2003; Zhang et 
al., 2011). Ancherythroculter nigrocauda is a sedentary fish 
with a relatively small scope of activity and adhesive egg 
reproduction (Cao et al., 2007); thus, gene flow between 
different populations mainly depends on the dispersal of 
larvae. Before the TGD impounding of water to 135 m in 2003, 
the upper Yangtze River was a free-flowing water 
environment, which allowed the A. nigrocauda larvae to 
disperse over longer distances, leading to gene flow between 
different populations. This likely explains the lack of genetic 
differentiation among the studied populations in Liu et al. 
(2005). After 2003, however, the TGD changed the 
hydrological regime in the upper Yangtze River from lotic to 
lentic. This reduced the dispersal range of A. nigrocauda 
larvae and decreased gene flow between the different 
populations, resulting in genetic differentiation due to isolation 
of the fish populations (Young et al., 2018). Similarly, 
damming and isolation of populations reduced the population 
sizes, leading to genetic differentiation via increased genetic 
drift (Jager et al., 2001). Low level gene flow among 
populations resulting from restricted dispersal of larvae has 
been well documented in many studies (Dong et al., 2012; 
Han et al., 2015; Yang & Li, 2018). 


Demographic history 
A unimodal pattern of mismatch distribution is indicative of 
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populations that have experienced recent expansions, 
whereas multimodal distributions are indicative of populations 
at demographic equilibrium (Rogers & Harpending, 1992; 
Slatkin & Hudson, 1991). Moreover, negative and statistically 
significant values of Tajima’s D or Fu’s F, tests are suggestive 
of populations that have experienced expansion (Fu, 1997; 
Tajima, 1989). Therefore, in the present study, the neutrality 
test and mismatch distribution results suggested no expansion 
of the A. nigrocauda populations. Generally, bottleneck effects 
are always followed by population expansion. Here, thus, it 
was reasonable that no bottleneck effects were detected for 
any of the five populations. 


Implications for conservation 

Genetic diversity is influenced by many factors, including 
historical and anthropogenic factors. In the present study, no 
bottlenecks or population expansions were detected; thus, 
anthropogenic activity was likely responsible for the loss of 
genetic diversity of A. nigrocauda. Therefore, it is necessary to 
decrease the negative impacts of anthropogenic activity on 
the A. nigrocauda populations. As the dams in the Longxi 
River are producing little electric power or are deserted, it is 
suggested that these dams should be removed preferentially 
to restore river connectivity. In addition, further studies are 
needed to investigate and minimize the adverse impacts of 
the TGD on fish populations. A 10-year fishing ban in the 
Chishui River has been in place since January 2017 to help in 
the recovery of fish stocks. In the same vein, we suggest that 


Table 5 Haplotype frequency distribution, haplotype diversity, and nucleotide diversity of three A. nigrocauda populations in 2001 and 


2016 based on 546 bp cyt b sequence 





Haplotype LXR (2001) LXR (2016) MDR (2001) MDR (2016) CSR (2001) CSR (2016) 
Hap1 1 14 3 
Hap2 1 7 
Hap3 10 42 1 4 5 14 
Hap4 1 21 1 16 14 
Hap5 1 

Hap6 1 

Hap7 1 

Hap8 1 

Hap9 1 

Hap10 1 

Hap11 1 

Hap12 2 1 1 

Hap13 4 2 

Hap14 1 

Hap15 1 

Hap16 1 

Hap17 1 

Hap18 1 

Hap19 i 1 

Hap20 1 

Hap21 1 

Haplotype diversity 0.812 0.469 1 0.656 0.833 0.707 
Nucleotide diversity 0.004 36 0.000 90 0.004 88 0.002 04 0.004 00 0.001 77 


Data are based on a total of 43 and 138 samples of A. nigrocauda sampled from upper Yangtze River, China, in 2001 and 2016, respectively. 


Table 6 Pairwise F,, values between A. nigrocauda populations 
in 2016 (below diagonal) and 2001 (above diagonal) based on 546 
bp cyt b sequences of 138 and 43 samples, respectively, from 
three different sites in upper Yangtze River, China 





Population LXR CSR MDR 

LXR - 0.018 62 0.013 38 
CSR 0.095 23* - 0.044 13 
MDR 0.185 18* 0.092 84* 


*: P<0.05 after Bonferroni correction. 


fishing in the main stream of the Yangtze River and its 
tributaries should be eliminated. Moreover, as water pollution 
is another significant issue, the government should prevent 
factories from discharging wastewater into the Yangtze River 
and undertake centralized management of domestic 
wastewater. 

Artificial breeding and stocking are feasible methods to 
increase fish abundance, although the sources and numbers 
of parental fish are important (Dudgeon, 2011; Fu et al., 
2003). In the present study, there were significant genetic 


Table 7 Parameters of genetic variation and P-values for 
heterozygote excess test of five A. nigrocauda populations, 
inferred from 14 pairs of SSR markers 





Population A Ar Ho He P 

LXR(32) 4.929 4.817 0.595 0.649 0.428 
CSR(31) 7.429 7.321 0.652 0.727 0.879 
MDR(32) 7.000 6.817 0.594 0.665 0.998 
MDS(32) 8.571 8.312 0.694 0.765 0.914 
DNR(34) 10.286 9.876 0.746 0.816 0.923 


Data are based on 161 samples of A. nigrocauda from upper Yangtze 
River, China. A: Observed allele; Ar: Allelic richness; Ho: Observed 
heterozygosity; He: Expected heterozygosity. Numbers in brackets 
indicate number of individuals from each sample site. 


differentiations among the populations, and STRUCTURE 
analysis showed that there were four distinct genetic clusters. 
Therefore, it would be necessary to use a wide variety of 
parental fish in the artificial breeding of A. nigrocauda to 
increase the quality of seed stock from hatcheries, which 
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Figure 5 STRUCTURE analysis based on genotypes at 14 microsatellite loci from 161 unique A. nigrocauda individuals sampled from five 


different sites in upper Yangtze River, China 


A: Estimations of mean log probability LnP(K) and AK values for K=1—9 using Structure Harvester. K=4 is shown as the optimal value; B: 
Proportions of each individual assigned to each inferred cluster. Four colors indicate four inferred distinct genetic clusters. Sampling sites of 


individuals are shown at the bottom. 


Table 8 Membership proportions of four inferred genetic clusters in five populations based on STRUCTURE analysis of SSR data 





Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Total sample size (n) 
LXR 0.008 0.003 0.003 0.986 32 
CSR 0.957 0.017 0.006 0.021 31 
MDR 0.954 0.026 0.014 0.006 32 
MDS 0.008 0.973 0.006 0.014 32 
DNR 0.006 0.008 0.981 0.004 34 


Table 9 Analysis of molecular variance (AMOVA) for four inferred genetic clusters based on STRUCTURE analysis of SSR data 





Source of variation df Sum of squares Variance component Percentage variation Fg, P 
Among clusters 3 243.265 1.008 81 16.60 0.165 96 0 
Within clusters 306 1 551.342 5.069 74 83.40 
Total 309 1 794.606 6.078 55 

would ensure better survivability during river reintroduction. ACKNOWLEDGEMENTS 


Moreover, the A. nigrocauda populations in the upper Yangtze 
River need to be managed as multiple genetic units. 
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ABSTRACT 


Detailed information on the size and genetic 
structure of wildlife populations is critical for 
developing effective conservation strategies, 
especially for those species that have suffered 
population decline and fragmentation due to 
anthropogenic activities. In the present study, we 
used a non-invasive approach combining fecal pellet 
sampling with mitochondrial DNA and nuclear DNA 
microsatellite marker analysis to monitor and 
compare the population structure of the Chinese 
goral (Naemorhedus griseus) in Beijing and 
northeast Inner Mongolia in China. Of the 307 fecal 
samples confirmed to be from N. griseus, 15 
individuals (nine females and six males) were found 
in the Beijing population and 61 individuals (37 
females and 24 males) were found in the Inner 
Mongolian population. Among these 76 individuals, 
we identified eight haplotypes and 13 nucleotide 
polymorphic sites from mtDNA and 45 alleles from 
10 microsatellite loci. Spatially structured genetic 
variation and a significant level of genetic 
differentiation were observed between the two 
populations. In both populations, the sex ratios were 
skewed toward females, indicating high reproductive 


potential, which is crucial for population recovery 
and conservation of this patchily distributed 
vulnerable species. We suggest that managing the 
two populations as evolutionarily significant units 
with diverse genetic backgrounds could be an 
effective solution for present population recovery, 
with the possible relocation of individuals among 
different groups to help ensure future goral species 
prosperity. 


Keywords: Genetic diversity; Mitochondrial DNA; 
Microsatellite marker; Naemorhedus griseus; Non- 
invasive sampling; Sex ratio 


INTRODUCTION 


Determining the size, genetic diversity, and connectivity 
among populations is important for understanding the ability of 
target species to adapt to different habitat conditions (Banks & 
Lindenmayer, 2014; Dharmarajan et al., 2013) and for 
monitoring and developing conservation strategies for 
endangered species (Lande, 1988). Among the many factors 
affecting wildlife population dynamics, such as life history 
traits, spatial behaviors, predation pressure, human 
disturbance, and food resource abundance, the sex ratio is a 
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fundamental biological index that can indicate population 
growth (Székely et al., 2014) and status (Lindström et al., 
2002). For example, a greater number of females than males 
can imply that a population is increasing rather than 
decreasing (Cameron, 2004). However, determining the sex of 
individuals is often difficult in the field because 
heterogeneous habitats may block an observer's line of sight 
and target animals may hide or lack obvious external sex- 
specific characteristics (Lewis et al., 2002). Advances in 
molecular biology have allowed the use of animal feces, hair, 
eggshells, and food residue as non-invasive sources of DNA, 
which can be used in conservation genetics research 
(DeSalle & Amato, 2004). For example, fecal samples have 
been used in studies on rare and endangered animals 
involving species identification, sex determination, individual 
identification, effective population size estimation, and 
population genetic structure analysis (Haag et al., 2009; 
Mondol et al., 2009). 

The Chinese goral (Naemorhedus griseus), a goat-like wild 
ungulate of similar body size, is mainly distributed in central 
and northern China (Hrabina, 2015; Smith & Xie, 2008; Mead, 
1989). Excessive medicinal exploitation and habitat 
fragmentation have both resulted in rapid declines and 
isolation of goral populations throughout most of its range 
(State Forestry Administration, 2009). Currently, the Chinese 
goral is listed as a Class II state key protected wildlife species 
in China and has also been listed as Vulnerable (VU) on the 
International Union for Conservation of Nature Red List 
(Duckworth et al., 2008) and under Appendix | protection by 
the Convention on International Trade in Endangered Species 
of Wild Fauna and Flora. However, no accurate estimates 
currently exist for Chinese goral populations aside from a 
previous field observation related to population size and 
habitat selection (Chen et al., 1999). A systematic national 
survey on this species indicated that habitat fragmentation 
has forced the remaining populations to retreat in small 
numbers to patchy areas in nature reserves, resulting in 
severe isolation and increased extinction risk of local 
populations (State Forestry Administration, 2009). 
Furthermore, little is known regarding the genetic structure or 
molecular biology of these small-group goral populations living 
under the threat of habitat fragmentation, despite the 
importance of such knowledge in planning effective 
conservation strategies. 

We previously conducted field surveys on wild animal 
diversity in the mountain ranges around Beijing and at a 
national nature reserve in Inner Mongolia, which revealed that 
goral populations were experiencing slow recovery. This 
recovery highlighted the need to investigate the biological 
traits of the populations for efficient conservation of this 
endangered species. Furthermore, the Inner Mongolian 
population was separated from all other geographical groups 
and may exhibit a different genetic background. Thus, we 
studied the structure and genetic connectivity of the goral 
populations to detect whether biological differences exist 
between the two groups, which may have valuable 
implications for isolated population management. In this study, 
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mitochondrial DNA (mtDNA) gene fragments and nuclear DNA 
microsatellite markers combined with non-invasive fecal 
sampling were used to examine the minimum population size, 
sex ratio, and genetic connectivity of two geographically 
separated populations of Chinese goral in the Beijing 
Songshan National Nature Reserve (BS) and Inner Mongolian 
Saihanwula National Nature Reserve (IMS). The BS 
population, which inhabits the mountain ranges around Beijing 
and is connected with nearby populations in Hebei Province, 
experienced severe population decline as a consequence of 
historical hunting for food and medicine before the 
promulgation of the Wildlife Protection Law in 1989. The 
present population is slowly recovering due to effective local 
government management of illegal hunting and livestock 
grazing (Chen et al., 2002). Several recent camera trapping 
surveys confirmed its re-appearance (Lan & Jin, 2016; Liu et 
al., 2012) and daily activity patterns in the mountain ranges of 
Beijing (Zhang et al., 2017). The IMS goral population inhabits 
the southern segments of Daxing'anling (Greater Khingan 
Mountain) of Inner Mongolia and is isolated in a national 
nature reserve surrounded by human settlements. Several 
ecological studies have been conducted by our research team 
on this population, including on food selection, sexual 
hormone variation, and habitat suitability evaluation (Tang et 
al., 2018, 2019). 

The aims of the current study were to: (1) assess monitoring 
protocols, especially regarding sex structure and individual 
identification, by non-invasive genetic sampling to predict 
future population dynamics and guide development of 
conservation strategies; (2) evaluate the baseline genetic 
status of the two geographically separated populations for 
efficient management; and (3) acquire in-depth information in 
terms of restricted distribution area and population isolation 
for the IMS population to understand its genetic development 
trends under limited habitat conditions. 


MATERIALS AND METHODS 


Study areas and goral populations 

This study was undertaken in the Beijing Songshan (BS) 
National Nature Reserve and Inner Mongolian Saihanwula 
(IMS) National Nature Reserve in China (Figure 1). The BS 
reserve is located in the Yanqing district, northwest of Beijing 
City (E115°43'-115°50', N40°29'—40°33'), and covers an area 
of 6 212 ha, mainly to preserve natural pine (Pinus 
tabulaeformis) forest, secondary deciduous broad-leaved 
forest, and various types of wild animals and plants, including 
the Chinese goral. The goral populations in Beijing are very 
patchy, with individuals found almost everywhere in mountain 
areas (Chen et al., 2002), but in small-sized groups (Liu et 
al., 2012; Zhang et al., 2017). The regional population is 
connected with southern conspecific populations in Hebei 
and Shanxi provinces through the Taihang Mountains (State 
Forestry Administration, 2009). The IMS reserve is located 
north of Balinyouqi Banner in Chifeng City (E118°18'—-118°55', 
N43° 59'— 44° 27') and covers an area of 100 400 ha. As a 


forest nature reserve, IMS protects a rich ecosystem and 
numerous endangered wild animals, including red deer 
(Cervus elaphus), Eurasian lynx (Lynx lynx), gray wolf (Canis 
lupus), great bustard (Otis tarda), and black stork (Ciconia 
nigra). The Chinese goral population is the only remaining 
group in the Greater Khingan Mountains, and is in a state of 
severe isolation, with no viable populations nearby. Historical 






Beijing Songshan 


National Nature Reserve 


Inner Mongolia Saihanwula 


National Nature Reserve 


corridors likely included the southern Greater Khingan 
Mountains connected with the Yanshan Mountains in the 
south (including Beijing) (Hrabina, 2015; Mead, 1989). 
However, these dispersal pathways became disconnected by 
human settlements on the plains between the mountains over 
centuries of anthropogenic 
Administration, 2009). 


movement (State Forestry 


Figure 1 Locations of Beijing Songshan and Inner Mongolian Saihanwula National Nature Reserves in China 


Sampling procedure 

In November 2013, Chinese goral habitat survey and fecal 
sample collection were undertaken by reserve staff with the 
permission of the Departments of Natural Resources 
Management of the BS and IMS administrations. The 
sampling teams searched for goral pellets randomly in major 
habitats based on previous field observations. All fresh pellets 
were collected without considering outer shapes or distances 
between the pellet stacks to avoid sex bias. Only fresh (based 
upon color and moisture) fecal samples were taken. Newly 
purchased Ziploc bags and tools were used for sample 
collection to avoid possible DNA cross-contamination and all 
samples were stored in anhydrous ethanol at —20°C within 6 h 
of collection. The collection period lasted 10 d from 5 and 10 
November in BS and IMS, respectively. GPS positions and 
collection times were recorded for each fecal sample. In 
addition, a muscle tissue sample from a dead adult female in 
IMS and a blood sample from a rescued male in Beijing were 
used as positive controls. 


DNA extraction 
We extracted DNA from the muscle and blood samples using 


a TIANamp Genomic DNA Kit (Tiangen Biotech Co. Ltd., 
Beijing, China) and from fecal samples using an EZNA Stool 
DNA Kit (Omega, Dorivalle, GA, USA) following the 
manufacturer's protocols, with some modifications (Zhang et 
al., 2009) to improve the amount and quality of DNA extracted. 


Species identification based on mtDNA 

Two mtDNA fragments were used to identify species and 
analyze population genetic structure, respectively. Species 
were determined from the fecal samples via PCR using a 
partial mitochondrial cytochrome-b gene with goral species- 
specific primers, as per Kim et al. (2010) (i.e., BUGL-F1: 5'- 
CTGCCTAATTCTACAAATCCTA-3' and BJGL-R: 5'-TAGGAG 
GATTACCCCAATA-3'). Each experiment included a positive 
and negative control (DNase/Rnase-free deionized water 
template rather than DNA). Specific primers (i. e., DF249 5'- 
ACCCCATGCATATAAGCATG-3' and DR496 5'-GGATACGC 
ATGTTGACAAGG-3’') were used to amplify a 227 bp segment 
of the mtDNA control region and were designed using Primer 
Premier 5 (Lalitha, 2000) in reference to the published mtDNA 
control region from the South Korean long-tailed goral 
(Naemorhedus caudatus) (GenBank accession Nos.: 
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EU259152, EU259154, EU259155, EU259165, EU259169, 
EU259171, and EU259176) (Kim et al., 2008, 2010). These 
segments were used to analyze the basic genetic structure of 
the two goral populations. The PCR conditions are shown in 
Supplementary Materials 1A. Both PCR products were 
isolated by electrophoresis in a 2% (w/v) agarose gel, and the 
control region PCR products were then further purified using a 
Wizard SV Gel and PCR Clean-Up System (Promega, 
Madison, WI, USA) before final sequencing by SinoGenoMax 
Co. Ltd. (Beijing, China). 


Individual identification based on microsatellite loci 

Ten microsatellite loci (SY12A, SY12B, SY48, SY58, SY71, 
SY76, SY84, SY84B, SY112, and SY129) were used for 
individual identification (An et al., 2005, 2010). Fluorescence 
labels (HEX or FAM) were added to the 5' terminus of the 
forward primers of all microsatellite loci. As fecal DNA in this 
analysis was very dilute, a two-step PCR procedure was used 
to increase the amplification rate and reduce the genotyping 
error rate (Piggott et al., 2004; Taberlet et al., 1999) (see 
Supplementary Materials 1B for PCR conditions). To guard 
against contamination, 75% alcohol was sprayed over the 
experimental table before and after setting up each PCR run. 
Each DNA sample underwent a minimum of five independent 
PCR runs for each microsatellite locus to reduce the effects of 
possible allelic dropout or false alleles (Broquet et al., 2007; 
Mondol et al., 2009; Taberlet et al., 1996). 

The PCR products were assayed by electrophoresis on 
2.5% agarose gels, and the amplified target fragments were 
delivered to SinoGenoMax Co., Ltd. (Beijing, China) for 
genotyping analysis using an ABI-PRISM 310 DNA Analyzer 
(Applied Biosystems, USA). Similarly, fluorescence of different 
DNA sizes of microsatellite alleles was determined using 
GeneMarker v2.4.0 (SoftGenetics LLC., State College, PA, 
USA) to confirm the genotyping results. 


Sex discrimination 

Nested PCR based on amplification of a Zn-finger gene on the 
X and Y chromosomes was used for sex identification, as 
successfully applied for Korean long-tailed goral (Kim et al., 
2008, 2010). Detailed PCR procedures are provided in the 
Supplementary Materials 1C. 

The PCR products were assayed by electrophoresis on 
2.5% agarose gels to confirm sex. If the X and Y alleles were 
both detected or only the Y allele was detected in a sample, 
sex was determined to be male; if only the X allele was 
detected, sex was determined to be female. Samples without 
amplification products were considered failures. Each sample 
underwent a minimum of five independent PCR runs, and at 
least three consistent results were required for successful 
determination to reduce possible error from allelic loss 
(Scandura, 2005). 


Genetic data analysis 

The obtained mtDNA control region sequences were analyzed 
with Clustal W v2.0 for sequence alignment (Larkin et al., 
2007) and were proofread by eye. DnaSP v5.0 (Librado & 
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Rozas, 2009) was used to identify haplotype frequency and 
number of polymorphic sites, haplotype diversity (h), 
nucleotide diversity (7), average number of nucleotide 
differences (k), coefficient of genetic differentiation between 
populations (Fr), and significance level of differences. Gene 
flow (Nm) was calculated by MEGAS software via F,, and was 
used to analyze nucleotide composition and calculate genetic 
distances between haplotypes based on the Kimura double 
parametric method (Tamura et al., 2011). The haplotypes were 
compared with the Korean long-tailed goral homologous 
sequences (GenBank accession Nos.: EU259152—EU259176) 
to evaluate phylogenetic relationships. Arlequin v3.5 
(Excoffier & Lischer, 2010) was used to determine Fu's Fs (Fu, 
1997) and Tajima's D (Tajima, 1989) to assess whether 
nucleotide polymorphisms deviated from expectations under 
neutral theory. 

The neighbor-joining method in MEGA5 was employed to 
reconstruct phylogenetic relationships among partial mtDNA 
control region haplotypes. To acquire the phylogenetic tree 
root, homologous sequences of sheep (Ovis aries) KJ954145 
were used as an outgroup. The confidence coefficient of the 
systematic tree was tested via bootstrap resampling with 
1 000 simulated samples. In addition, the maximum 
parsimony median-joining network, which can effectively 
illustrate the relationships among sequences with low 
diversity, was used to further visualize genealogical 
relatedness among haplotypes with NETWORK v5.0.0.1 
(Bandelt et al., 1999). 

Micro-Checker software (Van Oosterhout et al., 2004)was 
applied to assess the null alleles of each microsatellite locus 
and to identify reliable genotyping for each sample. The 
frequencies of the null alleles were obtained using the 
Brookfield method (Van Oosterhout et al., 2004) employed in 
Micro-Checker, and the adjusted allele frequencies were then 
used to recompute heterozygosity (H: null) and observed 
heterozygosity (H, null) values in GenAIEx v6.5 (Peakall & 
Smous, 2010). Samples amplified with less than five loci were 
judged as failures and were excluded from subsequent 
analyses (Mondol et al., 2009). Arlequin v3.5 was used to 
examine the Hardy-Weinberg equilibrium and linkage 
disequilibrium (LD) and to calculate LD for all microsatellite 
loci, intra-population genetic differentiation coefficients (Fr), 
and levels of significance. If a significant presence of null 
alleles was detected, we recalculated the F,,; with corrected 
genotype frequencies in GenAIEx v6.5. GenAIEx v6.5 and 
Cervus v3.0 (Kalinowski et al., 2007) were used to calculate 
allele number (Na), number of effective alleles (Ne), observed 
heterozygosity (Ho), expected heterozygosity (He), and 
polymorphism information content (PIC) of each microsatellite 
locus. 


RESULTS 


Species identification, individual identification, and sex 
determination 

In total, 40 and 332 fresh fecal samples were collected from 
BS and IMS, respectively. Among these, the partial 


mitochondrial cytochrome b gene was successfully amplified 
in 33 samples from BS and 274 samples from IMS, which 
were thus identified as Chinese goral based on adequate 
DNA, with a species identification rate of 82.50% and 82.53%, 
respectively. 

Genotyping results derived from the 10 pairs of 
microsatellite primers recognized 76 individuals from the 307 
tested samples after removal of failed amplifications and 
duplicates, with 15 and 61 individuals recognized from the BS 
and IMS populations, respectively. The cumulative 
probabilities of two unrelated individuals sharing the same 
multi-locus (PID) for all loci estimated in Gimlet software were 
0.000 04 and 0.000 01 for the BS and IMS populations, 
respectively. The corresponding probabilities of two full 
siblings (PIDsib) were 0.000 6 and 0.000 3, proving that the 
10 loci used here were sufficient for accurately identifying 
individuals. 

In total, 15 and 151 samples were identified as female and 
14 and 92 were identified as male in BS and IMS, 
respectively. The sex identification success rates were 
87.88% and 88.69% for the two groups of identified goral 
samples. After correcting for repeated individuals, we 
identified nine females and six males in the BS population, 
with a female to male ratio of 1.50: 1, which did not 
significantly deviate from 1:1 (,7=2.77, P>0.05), and 37 


females and 24 males in the IMS population, with a female to 
male ratio of 1.54:1, which also did not significantly deviate 
from 1:1 (,7=0.6, P>0.4). 


Genetic diversity of mtDNA control region 

After individual identification, we obtained 76 partial 
mitochondrial control region sequences from the two 
populations. Thirteen polymorphic sites were detected from 
the 227 bp gene fragments by sequence alignment, with a 
rate of 5.73% for the mtDNA sequences. Within the 13 
polymorphic sites, 13 transitions, three transversions, and no 
insertion/deletions were detected. All mutation sites were 
analyzed with Tajima's neutrality test, with an obtained 
Tajima's D value of 1.48 (P>0.10). 

Eight control region haplotypes were identified, including 
three (BJ-A to BJ-C) from BS and five (NM-A to NM-E) from 
IMS. We found no shared haplotypes between the two 
geographic populations. The nucleotide sequences of BJ-A to 
BJ-C and NM-A to NM-E for the eight haplotypes were 
submitted to GenBank under accession Nos. KP330565 — 
KP330572. 

Genetic parameters such as haplotype diversity (h), 
nucleotide diversity (7), and average number of nucleotide 
differences (k) indicated moderate genetic diversity for the two 
goral populations (Table 1). 


Table 1 Genetic diversity parameters and demographic analyses of partial mtDNA control region from two goral populations in China 





Population n h T k Fu's Fs Tajima's D 
IMS 5 0.787+0.022 0.0107+0.0006 2.428 -2.059 1.002 

BS 3 0.705+0.053 0.0097+0.0014 2.21 —0.077 0 

Total 13 8 0.852+0.018 0.0217+0.0019 4.928 -3.009 1.97 


s: Number of nucleotide polymorphism loci; n: Number of haplotypes; h: Haplotype diversity; 7: Nucleotide diversity; k: Average number of 
nucleotide differences. There were no significant differences in parameters (P>0.05), except for Fu’s Fs (P<0.05). 


Genetic structure of microsatellite loci 

We screened 10 pairs of polymorphic microsatellite primers to 
determine the genotypes of the populations. Among the 
identified Chinese goral feces, 26 samples from BS and 212 
from IMS provided reliable and complete genotypes at the 10 
loci, with genotyping success rates for BS and IMS of 77.79% 
and 77.37%, respectively. Forty-five alleles were detected in 
10 polymorphic microsatellite loci, 25 were shared between 
the two populations, eight were exclusive to BS, and 12 were 
exclusive to IMS. The distribution frequencies of the 45 alleles 
in the two populations were not identical. The genetic 
diversities calculated by the microsatellite dataset are shown 
in Table 2. In the IMS population, the Micro-Checker results, 
with a 95% confidence interval, indicated that null alleles 
existed at three of the 10 loci (i. e., SY12B, SY71, and 
SY84B). The frequency of null alleles differed for the three 
microsatellite loci (i.e., 7.68% for SY12B, 7.44% for SY71, and 
10.16% for SY84B). Thus, the values of observed 
heterozygosity for the IMS population slightly increased when 
the dataset was adjusted based on the null allele frequencies, 
but there was no change in the expected heterozygosity 
(Supplementary Materials 2). No evidence for genotyping 


misjudgment caused by null alleles, strip discontinuity, or 
missing alleles was found within the 10 microsatellite loci in 
the BS population. 


Table 2 Genetic diversity among 10 microsatellite loci observed 
in the two goral populations 





Population Na Ne Ho He PIC 
BS 3.300 2.944 0.607 0.650 0.578 
IMS 3.700 3.400 0.630 0.691 0.629 


BS: Beijing Songshan National Nature Reserve; IMS: Inner Mongolian 
Saihanwula National Nature Reserve. Na: Average number of alleles; 
Ne: Number of effective alleles; H,: Observed heterogeneity; H: 
Expected heterogeneity; PIC: Polymorphism information content. 


Results further indicated that the SY12B (P=0.004) and 
SY84B (P=0.024) loci from the IMS goral population deviated 
clearly from the Hardy-Weinberg equilibrium, suggesting 
independent evolution of this population, whereas the other 
loci showed no deviation from the two populations. After 45 
linkage disequilibrium tests with the 10 loci, SY84B and 
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SY112 from the BS population (y7=8.42, P<0.05) and SY58 
and SY84 from the IMS population showed linkage 
disequilibrium (,7=7.118, P<0.05), with no linkage 
disequilibrium found in other loci. After sequential Bonferroni 
correction for pairwise comparisons, the differences in linkage 
disequilibrium loci were not significant, indicating that all loci 
were inherited independently and could be an accurate 
reflection of the genetic diversity status in the studied goral 
populations. 


Genetic differentiation of haplotypes for two populations 
The genetic distances between the eight mtDNA control 
region haplotypes ranged from 0.004 4 to 0.060 3, with an 
average of 0.031 8. The average genetic distances between 
haplotypes within the BS and IMS populations were 0.014 9 
and 0.012 5, respectively. Maximum and minimum genetic 
distances were 0.022 4 and 0.008 9 for the BS population and 
0.022 5 and 0.004 4 for the IMS population, respectively. 
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The inter-population genetic differentiation coefficient was 
estimated at F,,=0.774 (P<0.001), suggesting a significant 
level of genetic differentiation between the two populations. 
The gene flow value for the two populations was Nm=0.07, 
showing that the inter-population genetic distance was large 
and that the number of migrating individuals was only 0.07 for 
each generation. These results thus revealed a lack of genetic 
exchange between the two populations. The neighbor-joining 
phylogenetic tree showed that the haplotypes were clustered 
into two large clades, the BS and IMS goral populations were 
clustered into one clade and the South Korea populations 
were clustered into the other clade (Figure 2A). The Chinese 
goral populations were further separated into two small 
independent branches, showing distinct genetic differentiation 
and a lack of gene flow. The median-joining network also 
grouped the haplotypes into a same topology, with several 
mutation steps existing between the two Chinese populations 
(Figure 2B). 
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Figure 2 Integrative genetic analyses of mtDNA control region haplotypes in Chinese goral 

A: Phylogenetic tree constructed by neighbor-joining method, NM-A to E, BJ-A to C, and KG1 to KG7 represent different haplotypes of IMS, BS, and 
Korean goral populations, respectively. B: Median-joining network constructed among eight haplotypes, each number indicates one mutation step 
between haplotypes, and un-sampled haplotypes are represented by small solid circles. Size of circles is related to frequency of haplotypes. 


Phylogenetic discrepancy between populations 

The F, genetic differentiation coefficient and Nei's genetic 
distance for the BS and IMS populations were 0.104 and 
0.336, respectively. Considering the existence of null alleles, 
the recomputed F,r and Nei's genetic distances were 0.065 
and 0.334, respectively, with adjusted genotypes. These 
results indicated that the two populations had a moderate 
level of genetic differentiation. Cluster analysis based on 
STRUCTURE software showed that the BS and IMS 
populations were two separate clades with no interaction, 
indicating that genetic differentiation was significant, and the 
phylogenetic relationship was distant for the two populations 
(Figure 3). 
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DISCUSSION 


Estimating the size of a wild animal population is central for 
managing game species and conserving rare and endangered 
animals. The Chinese goral is typically very alert and sensitive 
to disturbance. Furthermore, its fur is often indistinguishable 
from the surrounding rocks on the mountaintops it inhabits, 
which has caused great difficulties in traditional transect 
surveys. However, appropriate techniques to extract and 
analyze DNA from feces can help identify individuals in the 
field and avoid bias from repeated counting of a single 
individual (Haag et al., 2009). In the current study, we 
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Figure 3 STRUCTURE clustering based on microsatellite genotypes of Chinese goral populations 
BS: Beijing Songshan National Nature Reserve; IMS: Inner Mongolian Saihanwula National Nature Reserve. 


identified at least 61 animals in the 100 km? sampling area in 
IMS and 15 animals in a 30 km? area in BS. These results, 
combined with the female-biased sex ratios, suggest a high 
recovery potential for these separate goral populations; 
however, further research into the genetic variations of their 
populations is needed to reveal the underlying mechanism. 
Sex ratio analysis can be used to evaluate the structure and 
future development of an animal population (Kruuk et al., 
1999); it can also provide basic data for planning and 
implementing effective management strategies to conserve 
rare and endangered wildlife (Bradshaw et al., 2003; 
Majumder et al., 2017). In this study, a sex-linked Zn-finger 
gene was used for sex structure analysis. Results showed a 
similar female-biased sex ratio in both populations, i.e., 1.54:1 
(female to male) in IMS and 1.50:1 in BS. Although there was 
no statistical difference from the theoretical 1:1 ratio, the high 
female bias in the sex structure of the wild goral populations is 
expected to promote population recovery. A number of 
hypotheses have been proposed to explain adaptive sex-ratio 
variation in mammals (Cockburn et al., 2002). One commonly 
applied model for ungulates is the local resource competition 
(LRC) hypothesis, which states that competition for 
environmental resources may shape the primary sex ratio, 
and predicts that mothers with poor body condition should 
reproduce the sex that is more likely to disperse and 
consequently reduce local competition for resources between 
mothers and their offspring within the natal area (Clark, 1978). 
In our study areas, food resources are abundant (Li, 2005; Liu 
et al., 2012) and the females are in good condition (as 
confirmed by field camera trapping photos). However, the 
bare rock microhabitats to which gorals retreat when facing 
mammalian predators are limited. Thus, the high proportion of 
females within the populations may indicate a demographic 
variation due to the limited microhabitat resource pressure. 
Our ongoing GPS tracking captured six gorals at the IMS 
reserve, which were all females, thus confirming their high 
proportion. Furthermore, the preliminary home range results 
showed that sub-adult females (n=3) shared their small home 
ranges with adult females. Thus, the high female to male 
ratios in our study fit the LRC model prediction, in which 
healthy mothers reproduce more philopatric daughters than 
dispersal sons in environments with abundant food resources 
and limited bare rock microhabitats. Although our results 


found a greater number of females in the two Chinese goral 
populations, thus indicating high reproductive potential and 
population growth, further in-depth field monitoring on the 
social structures and breeding behaviors is needed to reveal 
actual population growth trends, especially for the isolated 
population at IMS. 

Average genetic distance and nucleotide diversity between 
haplotypes serve as important indicators of mtDNA genetic 
diversity. In mammals, a population is considered genetically 
diverse if the mean genetic distance between haplotypes is 
greater than 0.01, with higher values indicating greater 
genetic diversity (Nei, 1987). The overall genetic distances 
among haplotypes in the BS and IMS populations were 0.014 9 
and 0.012 5, respectively, indicating rich genetic diversity in 
the two goral ranges. Compared to the average genetic 
distance among haplotypes, nucleotide diversity 7 can better 
reflect mtDNA diversity in a population (Nei, 1987). Nucleotide 
diversity in mammals can range from 0.003 to 0.04 with a 
maximum value of 0.1, with a higher z value indicating greater 
genetic diversity (Neigel & Avise, 1993). In this study, 
nucleotide diversities were 0.009 7 and 0.010 7 for the BS and 
IMS populations, respectively, indicating moderate genetic 
diversity. Compared to other Caprinae subfamily members, 
such as the Helan Mountain bharal (Pseudois nayaur) with m= 
0.003 92 (Wang et al., 2006), red goral (Naemorhedus baileyi) 
with 7=0.000 88 (Xiong et al., 2013), and serow (Capricornis 
sumatraensis) with m =0.024 9 (Liu et al., 2013), the goral 
populations in our study showed an intermediate level of 
nucleotide diversity. 

Haplotype diversity can reflect recent changes in a 
population. In this study, the mtDNA control region showed a 
high level of haplotype diversity and moderate level of 
nucleotide diversity in the two geographically separated 
populations. Thus, it is reasonable to speculate that the two 
populations may have arisen from rapid growth of groups with 
small effective population sizes, similar to the reported 
population dynamics of the takin (Budorcas taxicolor) with 
high haplotype diversity and low nucleotide diversity (Li et al., 
2003). Fossils of Naemorhedus species have been found in 
the middle and lower Pleistocene in China, upper Paleolithic 
deposits in Far East Russia, and the third and fourth 
interglacial periods in Korea (Mead, 1989), areas which are 
partially covered by the present-day distribution ranges, 
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indicating that Naemorhedus experienced a historical 
distribution range recovery after the quaternary glacial. 

The existence of null alleles is one of the biggest drawbacks 
for microsatellite markers as they can generally increase F,; 
and genetic distance values with decreasing within-population 
genetic diversity (Paetkau et al., 1997; Slatkin, 1995). Herein, 
among the 10 microsatellite markers in the two studied 
populations, three loci (i.e., SY12B, SY71, and SY84B) (see 
Supplementary Table S1) from the IMS population showed the 
possible existence of null alleles, which could be attributed to 
the low quality and quantity of fecal DNA (Waits et al., 2001). 
After adjustment of allele frequencies in these loci, the 
observed heterozygosity (Ho) for the three single markers 
increased remarkably, and the F,, decreased from 0.104 to 
0.065 between the two populations. This reduction may be 
slightly overestimated due to the evaluation method based on 
prior probabilities; however, the correction results still need to 
be carefully considered. 

The estimated genetic differentiation between the two 
studied goral populations was F,,=0.774 (in mitochondrial 
genes), which may reflect different demographic histories. The 
IMS population is the only remaining reproductively viable 
population in the Greater Khingan Mountains (State Forestry 
Administration, 2009), with severe isolation and habitat 
fragmentation from anthropogenic activities accelerating its 
independent evolution. Therefore, strengthening future 
monitoring would be an effective way to surveil the dynamics 
of genetic diversity on this isolated goral population for the 
purpose of maintaining long-term population viability. 

The population size and sex ratio results provide baseline 
data for implementing effective population conservation 
strategies. The techniques used in this study, which include 
non-invasive fecal sampling followed by DNA extraction and 
analysis of population structure, are simple and accurate, with 
a relatively high success rate compared to other studies on 
herbivores (Broquet et al., 2007). Our research was performed 
after the first winter snowfall with an average air temperature 
below 0 °C and the fecal samples were fixed in anhydrous 
alcohol within several hours of collection to delay DNA 
degradation. Moreover, a two-step PCR procedure was used 
to increase the PCR amplification products and reduce the 
genotyping error rate. The relatively high identification rate 
confirmed the validity and reliability of the genotyping 
procedure, which should provide important guidance for future 
non-invasive genetic monitoring on goral population structures. 

The mtDNA and microsatellite diversity analyses both 
showed significant levels of genetic differentiation between the 
BS and IMS goral populations. This implies that the 
distribution range of historically intact goral populations was 
segregated by expansion of human settlements and 
disappearance of connecting groups, leading to population 
isolation (State Forestry Administration, 2009). Habitat 
fragmentation and population segregation are severe factors 
threatening the effective conservation of many endangered 
wild animals throughout the world (Keil et al., 2015) and 
increasing the risk of extinction of isolated populations. 
Although it is difficult to assess whether the independent 
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evolution observed in the current study will have positive or 
negative effects on the long-term existence of populations , 
we would recommend that the two Chinese goral populations 
be preserved and monitored separately as evolutionarily 
significant units to maintain species genetic diversity within 
different management areas. If needed, based on further 
genetic monitoring, the translocation of individuals among 
geographically separated populations may improve the 
genetic diversity of the small segregated groups. 
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ABSTRACT 


Investigations on manual laterality in non-human 
primates can help clarify human evolutionary origins 
of hand preference and cerebral cognition. Although 
body posture can influence primate hand preference, 
investigations on how posture affects hylobatid 
manual laterality are still in their infancy. This study 
focused on how spontaneous bipedal behavioral 
tasks affect hand preference in Hylobatidae. Ten 
captive northern white-cheeked gibbons (Nomascus 


leucogenys) were chosen as focal subjects. 
Unimanual grooming during sitting posture and 
supported bipedal posture were applied as 


behavioral tasks. The gibbons displayed a modest 
tendency on left-hand preference during sitting 
posture and right-hand preference during supported 
bipedal posture, although no group-level hand 
preference was detected for either posture. From the 
sitting to supported bipedal posture, 70% of 
individuals displayed different degrees of right-side 
deviation trends. The strength of manual laterality in 
the supported bipedal posture was higher than that 
in the sitting posture. We found significant sex 
differences in manual laterality during supported 
bipedal posture but not during sitting posture. Thus, 
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to a certain degree, bipedal posture in N. leucogenys 
facilitates stronger hand preference, elicits a 
rightward trend in manual laterality, and produces 
sex-specific hand preference. 


Keywords: Grooming; Hand 


Hylobatidae; Posture 


preference; 


INTRODUCTION 


Traditionally, hand preference was viewed as unique to 
humans (Corballis, 2002; Marchant & McGrew, 1998; Porac & 
Coren, 1981). However, increasing evidence shows that hand 
preference is common across vertebrates, including the 
primate order (Fagot & Vauclair, 1991; Vallortigara & Rogers, 
2005; Ward & Hopkins, 1993; Zhao et al., 2016a, 2016b). 
Considering that behavioral lateralization is an observable 
measure of hemispheric functional asymmetry (Levy, 1977; 
Rogers, 2014), intensive studies on hand preference in non- 
human primates based on phylogenetic relationships can help 
reveal the evolutionary origins of human hand preference and 
cerebral cognition (Hopkins, 2007; Rogers et al., 2013; Salva 
et al., 2012; Wiper, 2017). Many factors (e.g., body posture, 
task complexity, tool use, emotion, division of labor in hand 
usage) can influence primate manual laterality, with various 
evolutionary theories proposed for primate evolution of hand 
preference (Hopkins, 2007; Leliveld et al., 2013; Mangalam et 
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al., 2015; Rogers & Andrew, 2002; Versace & Vallortigara, 
2015; Zhao et al., 2015, 2016a, 2016b). 

Regarding body posture, the postural origin hypothesis 
states that (1) arboreal primates prefer using the right hand to 
support the body in trees and the left hand for manual tasks, 
whereas (2) more terrestrial primates prefer using the right 
hand during manual tasks (MacNeilage et al., 1987; 
MacNeilage, 1991). Increasing primate research lends 
support to the postural origin hypothesis (MacNeilage, 2007; 
MacNeilage et al., 2009). For example, with regard to 
spontaneous bimanual grooming and experimental tube tasks, 
chimpanzees (Pan troglodytes) show group-level right-hand 
preference (Hopkins, 2007; Hopkins et al., 2007), whereas 
Sichuan snub-nosed monkeys (Rhinopithecus roxellana) 
display group-level left-hand preference (Zhao et al., 2010, 
2012). Furthermore, upright or bipedal posture can facilitate 
greater expression of primate hand preference toward the 
right or left side (e.g., prosimians: Sanford et al., 1984; Shaw 
et al., 2004; New World monkeys: Hashimoto et al., 2013; 
Roney & King, 1993; Old World monkeys: Blois-Heulin et al., 
2007; Zhao et al., 2008a; apes: Braccini et al., 2010; Hopkins 
et al., 1993). 

The small apes (family Hylobatidae) consist of the highly 
arboreal siamangs and gibbons, and are a crucial link 
connecting monkeys and great apes on the primate 
evolutionary branch (Guan et al., 2018). Among the increasing 
number of studies on primate hand preference, the 
Hylobatidae remain poorly researched (e.g., Heestand, 1987; 
Olson et al., 1990; Redmond & Lamperez, 2004; Stafford et 
al., 1990), with fewer than 10 hylobatid laterality studies 
conducted to date (Table 1). For the small apes, previous 
findings show that the direction and strength of manual 
laterality is both species- and task-specific (Table 1), with 
hylobatids showing stronger hand preference in complex 
tasks compared with simple tasks (e. g., Symphalangus 
syndactylus: Morino et al., 2017). To date, however, research 
on how posture affects hylobatid hand preference is still in its 
infancy, with only one relevant study addressing this topic 
using experimental bipedal reaching tasks (Olson et al., 1990) 
(Table 1). 

The present study focused on how spontaneous bipedal 
behavioral tasks influence hand preference in northern white- 
cheeked gibbons (Nomascus leucogenys). We chose 
unimanual grooming during sitting posture and supported 
bipedal posture as the measured tasks because these 
behaviors are common in primates, especially arboreal 
species, thus facilitating interspecies comparison. As northern 
white-cheeked gibbons are a highly arboreal species, and 
based on the posture origin theory, we predicted that these 
gibbons will show a left-hand bias under any posture. As 
bipedal posture is reported to induce a right-side shift in hand 
preference in great apes (Braccini et al., 2010; Hopkins, 
1993), we also predicted that the direction of hand preference 
would generally present a rightward trend from the sitting to 
supported bipedal posture. 
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MATERIALS AND METHODS 


Study subjects 

The focal subjects were 10 captive northern white-cheeked 
gibbons, which included five males (age range: 4-27; mean 
age+SE: 15.40+4.20 years) and five females (age range: 4- 
26; mean age+SE: 16.00+4.39 years). These gibbons lived in 
different enclosures at Tianjin Zoo and Beijing Zoo in China 
(Table 2). Zookeepers provided food (e.g., vegetables, fruits) 
once a day and water ad libitum. 

We followed all applicable international and Chinese 
guidelines for the care and use of animals in this study. The 
academic committee at the College of Life Sciences, Tianjin 
Normal University of China approved all study procedures. 


Behavioral observations 

Unimanual grooming in the sitting posture was defined as 
grooming with one hand, with the other hand placed on the 
hindlimbs or grasping a branch/rope for support while sitting 
on the ground or a branch. Unimanual grooming in the 
supported bipedal posture was defined as grooming with one 
hand, with the other hand grasping a branch/rope for support 
while standing bipedally on the ground or a branch. 

We collected data from March to June 2016 based on the 
methods described by Hopkins et al. (2007) and Zhao et al. 
(2010). The observation time for each study day was from 
1000 h to 1500 h. We chose one gibbon subject randomly at a 
time when it was performing unimanual grooming. Once we 
identified the focal individual, we recorded data in 5 min 
observation periods with 10 s sampling intervals. We recorded 
both hand use (left or right) and mouth use (involved or not 
involved) in grooming at each sampling point. We excluded 
unimanual grooming involving the mouth from statistical 
analyses to avoid the potential effect of mouth use on manual 
laterality. 

If the gibbon stopped unimanual grooming within the 5 min 
observation period and did not perform unimanual grooming 
within the following 30 s, observation on that individual was 
ended and we chose another gibbon based on the method 
mentioned above. If the gibbon continued unimanual 
grooming after the 5 min observation period, and no other 
subjects were observed performing unimanual grooming 
within visible distance, we continued a new 5 min observation 
period for the same gibbon. When multiple subjects performed 
unimanual grooming simultaneously, we chose the closest 
visible subject. If two subjects were at a similar distance from 
the observer, we chose the gibbon with less sampling data. 


Data analysis 

Statistical analyses were conducted on both individual-level 
and group-level hand preference. We assessed manual 
laterality at the individual level by the handedness index (HI) 
and z scores (Hopkins, 1999, 2013). We calculated HI scores 
based on the following formula: (right-hand use-left-hand use)/ 
(right-hand use+left-hand use) (Hopkins, 1999). The HI scores 
ranged from —1.0 to 1.0. Positive and negative HI scores 
represented right- and left-hand preference, respectively. The 


Table 1 


Previous research on Hylobatidae manual laterality 


Species Condition Number Task Main finding Reference 
Symphalangus syn- Captive 13 Food reaching (1) No individual was left- or right-handed; (2) No group-level hand- Heestand, 
dactylus edness 1987 
Hylobates lar Captive 8 Floor retrieval (1) Six individuals were left-handed, two individuals were right- Olson et al., 
handed based on chi-square analyses; (2) No group-level handed- 1990 
ness 
H. lar Captive 6 Mesh retrieval (1) All individuals were left-handed based on chi-square analyses; Olson et al., 
(2) Group-level right handedness was found 1990 
H. concolor, H. lar, Captive 19 Food reaching (1) H. concolor, one individual was left-handed, three individuals Stafford et 
S. syndactylus were right-handed, three individuals were ambipreferent based on al., 1990 
z scores; (2) H. lar, one individual was left-handed, three individu- 
als were right-handed based on z scores; (3) S. syndactylus, two 
individuals were left-handed, three individuals were right-handed, 
three individuals were ambipreferent based on z scores; (4) No 
group-level hand preference was conducted for any species, and 
there was no group-level handedness for the mixed sample; (5) 
Adults showed stronger hand preference than immature individuals. 
S. syndactylus Captive 25 Leading limb (1) For vocal condition, one individual was left-handed, two individ- Redmond & 
and semi- during brachia- uals were right-handed based on z scores; (2) For non-vocal condi- Lamperez, 
natural tion tion, two individuals were left-handed, three individuals were right- 2004 
handed based on z scores; (3) No group-level handedness was 
found for vocal and non-vocal conditions. 
Nomascus leucoge- Captive 16 Leading limb (1) Two individuals were left-handed, five individuals were right- Barker, 2008 
nys, N. gabriellae during brachia- handed, and nine individuals were ambipreferent based on ABS-HI 
tion >0.20 scores; (2) No group-level handedness was found. 
S. syndactylus Wild 49 Water collecting (1) When testing individuals with >6 data points, 22 individuals Morino, 2011 
were left-handed, 10 individuals were right-handed, and four indi- 
viduals were ambipreferent based on z scores, (2) Group-level left 
handedness was found. 
H. agillis, H. albibar- Captive 42 Tube task (1) When testing individuals with >6 data points, for siamangs,10 Morino et al., 
bis, H. agillisxH. al- individuals were left-handed, two individuals were right-handed, 2017 
bibarbis, H. lar, H. and eight individuals were ambipreferent based on z scores; for 
muelleri, H. pilea- mixed gibbon species, 10 individuals were left-handed, seven indi- 
tus, N. leucogenys, viduals were right-handed based on z scores; (2) Group-level left 
S. syndactylus handedness was found in siamangs whereas no group-level hand- 
edness was found in mixed gibbon samples. 
N. leucogenys Captive 9 Ground reach- (1) For ground-reaching task, three individuals were left-handed, Fan et al., 
ing; Box task; one individual was right-handed, and five individuals were ambi- 2017 
Tube task preferent based on chi-square analyses; (2) For box task, three in- 


dividuals were left-handed, three individuals were right-handed, 
and three individuals were ambipreferent based on chi-square anal- 
yses; (3) For box task, three individuals were left-handed, four indi- 
viduals were right-handed, and two individuals were ambipreferent 
based on chi-square analyses; (4) No group-level handedness was 
found for any task 


absolute value of HI scores (ABS-HI) represented hand 
preference strength. We calculated z scores using frequency 
of left- and right-hand use. We considered individuals as left- 
handed (z<—1.96), right-handed (z>1.96), or ambipreferent 
(1.96>z>—1.96) based on z scores. Furthermore, we used 
binomial tests for each subject for both postures and 
combined the probabilities from separate significance tests 
(Gibbs et al., 2007; Jones & Fiske, 1953; Zhao et al., 2016b). 
We assessed manual laterality at the group level by one- 
sample tests based on individual HI scores (Hopkins, 1999; 


Zhao et al., 2012). 

We applied Mann-Whitney U tests to examine sex 
differences in hand preference under different postures. We 
adopted repeated measures analysis of variance (ANOVA) 
(independent variable: postural conditions; dependent 
variable: HI/ABS-HI values) and non-parametric Wilcoxon 
signed ranks test to explore the postural effect on the direction 
and strength of manual laterality (Braccini et al., 2010). All 
statistical analyses were performed using SPSS v21.0, with 
significance at P<0.05. 
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RESULTS 


In the present study, there were no significant correlations 
between the number of observations per individual and HI 
values (sitting: 10.185, P=0.608; standing: 0.260, P=0.467) 
and ABS-HI values (sitting: m-0.172, P=0.635; standing: = 
-0.473, P=0.167). This suggests that individual differences in 
the total number of responses did not skew the distribution of 
handedness values. 


Individual-level manual laterality 
For the sitting posture, the HI and ABS-HI scores (mean+SE) 
were —0.009+0.057 and 0.123+0.039, respectively. From the 
HI scores, we identified six gibbons as left-handed, three 
gibbons as right-handed, and one gibbon as ambipreferent 
(Table 2). From the binomial tests and z scores, we identified 
one gibbon as left-handed, two gibbons as right-handed, and 
seven gibbons as ambipreferent (Table 2). 

For the supported bipedal posture, the HI and ABS-HI 


scores (meant+SE) were 0.035+0.093 and 0.187+0.070, 
respectively. From the HI scores, three gibbons were left- 
handed and seven gibbons were right-handed (Table 2). From 
the binomial tests and z scores, one gibbon was left-handed, 
one gibbon was right-handed, and eight gibbons were 
ambipreferent (Table 2). 

For sitting to supported bipedal posture, based on HI 
scores, 60% of gibbons showed identical manual laterality 
(right-handed: one male and two females, left-handed: three 
females) and 40% showed varying degrees of right-side 
deviation from sitting to standing posture (four males). Based 
on the direction (i. e., HI values) and strength (i. e., ABS-HI 
values) of hand preference, 70% of gibbons showed varying 
degrees of right-side deviation (from negative and zero HI 
values to positive HI values: four males; increase in positive 
HI values: one female; decrease in negative HI values: two 
females) and 30% of gibbons showed varying degrees of left- 
side deviation (decrease in positive HI values: one male and 
one female; increase in negative HI scores: one female). 


Table 2. Basic information on hand preference for unimanual grooming for each posture 


Sitting posture 


Supported bipedal posture 








Subject Source Gender Age 

Left Right HI z score Pscore Left Right HI zscore Pscore 
Beib Beijing Zoo Male 23 48 72 0.20 2.19 0.035 50 64 0.12 1.31 0.769 
Caic Beijing Zoo Female 4 49 64 0.13 1.41 0.188 43 60 0.17 1.68 0.114 
Hengh Beijing Zoo Female 26 50 81 0.24 2.71 0.009 84 88 0.02 0.30 0.819 
Jingj Beijing Zoo Female 21 54 46 -0.08 -0.80 0.484 52 49 -0.03 -0.30 0.842 
Qingq Tianjin Zoo Male 12 8 8 0.00 0.00 1.000 44 99 0.38 4.60 <0.001 
Xiaoh Beijing Zoo Male 27 67 63 -0.03 -0.35 0.793 57 60 0.03 0.28 0.835 
Xiaoz Beijing Zoo Male 4 99 88 -0.06 -0.80 0.465 66 81 0.10 1.24 0.248 
Yuany Tianjin Zoo Male 11 106 100 -0.03 -0.42 0.728 11 20 0.29 1.62 0.150 
Yuey Tianjin Zoo Female 22 51 22 -0.40 -3.39 0.001 54 9 -0.71 -5.67 <0.001 
Ziye Beijing Zoo Female 7 55 49 -0.06 -0.59 0.624 52 50 -0.02 -0.20 0.921 


Left: Frequency of left-hand use; Right: Frequency of right-hand use. 


Group-level manual laterality 

No group-level hand preference was detected during 
unimanual grooming for either posture (sitting posture: t= 
—0.159, P=0.877; supported bipedal posture: łt=0.377, P= 
0.715). For hand use, however, the deviation from random 
distribution was significant for both postures (sitting posture: 
summed %¥=38.309, df=20, P<0.01; supported bipedal 
posture: summed 7=49.562, df=20, P<0.01). Considering the 
mean HI scores for each posture, we found that the gibbons 
displayed a modest trend towards left-hand use bias during 
sitting posture and right-hand use bias during supported 
bipedal posture. 


Sex differences 

For the sitting posture, we found no significant sex differences 
in manual laterality (direction: N,=5, N,=5, U=9.50, z=—0.631, 
P=0.528; strength: N,=5, N,=5, U=3.50, z=-1.892, P=0.059). 
For the supported bipedal posture, however, significant sex 
differences were found for direction of hand preference (N,=5, 
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N,=5, U=3.00, z=-1.984, P=0.047) rather than strength of 
hand preference (N,=5, N,=5, U=8.50, z=-0.841, P=0.401). 


Postural effect 

Repeated measures ANOVA indicated no postural effect on 
manual laterality (direction: F, ==0.422, P=0.532; strength: F; j= 
1.120, P=0.318). Non-parametric Wilcoxon signed rank test 
showed the same result (direction: z=—0.765, P=0.444; 
strength: z=-0.654, P=0.513). 


DISCUSSION 


We investigated postural influence on manual laterality during 
spontaneous bipedal tasks in N. leucogenys, with the 
following important results: (1) there was a modest left-hand 
preference tendency in the sitting posture and a modest right- 
hand preference tendency in the supported bipedal posture, 
although group-level hand preference was not found for either 
posture; (2) from sitting to supported bipedal posture, based 


on HI/ABS-HI values, 70% of individuals showed varying 
degrees of right-side deviation and 30% of individuals showed 
varying degrees of left-side deviation; (3) strength of hand 
preference during the supported bipedal posture was higher 
than that during the sitting posture; (4) significant sex 
differences in the direction of hand preference were found 
during supported bipedal posture but not during sitting posture. 

Because of our limited sample size, general conclusions 
based on the present study should be treated with some 
caution due to potential statistical effects from the obtained 
data. For both postures, however, no significant correlation 
was detected between the number of observations per 
individual and HI/ABS-HI values. This suggests that individual 
differences in the amount of data collected did not affect the 
distribution of handedness values, and our findings on N. 
leucogenys can be considered valid. 

For the unimanual grooming task, group-level hand 
preference was not found for either posture. Together with 
previous findings in the same species, which also showed no 
group-level hand preference for ground-reaching, tube, and 
box tasks (Fan et al., 2017), it suggest that neither simple nor 
complex tasks elicit group-level hand preference, regardless 
of posture and task spontaneity. This may be the result of 
selective pressures acting on this arboreal species; however, 
further research with a larger sample size is required to 
explore this question. 

Hand preference during grooming has been investigated 
among various primate species (P. paniscus: Brand et al., 
2017; P. troglodytes: Boesch, 1991; Marchant & McGrew, 
1996; McGrew & Marchant, 2001; Hopkins et al., 2007; R. 
roxellana: Zhao et al., 2010). Unimanual grooming is a simple 
behavioral task performed in primates. Consistently, however, 
no group-level hand preference has been found during 
unimanual grooming among any tested species (e.g., Zhao et 
al., 2010). Compared with unimanual grooming, bimanual 
grooming is considered a complex behavioral task, with 
previous studies showing both group-level hand preference 
and stronger hand preference compared with unimanual 
grooming (Hopkins et al., 2007; Zhao et al., 2010). However, 
interspecific and intraspecific differences have been reported. 
For instance, group-level hand preference during bimanual 
grooming has been found in Sichuan snub-nosed monkeys 
(Zhao et al., 2010) but not in bonobos (P. paniscus) (Brand et 
al., 2017). For chimpanzees, group-level hand preference 
during bimanual grooming was found by Hopkins et al. (2007) 
but not by McGrew & Marchant (2001). For N. leucogenys, we 
found no group-level hand preference during unimanual 
grooming for either posture, consistent with previous findings 
in other primate species and, to some extent, supporting the 
task complexity hypothesis that strong preferences and group- 
level biases in manual laterality are more likely to appear in 
complex rather than simple tasks (Fagot & Vauclai, 1991). 

For the sitting posture, we found a modest tendency 
towards left-hand use for unimanual grooming in N. 
leucogenys. Given that N. leucogenys is an arboreal species, 
this finding agrees, to a certain extent, with the postural origin 
theory that arboreal species are apt to use the left hand for 


manual behaviors when maintaining a quadrupedal or sitting 
posture in trees (MacNeilage et al., 1987; MacNeilage, 1991, 
2007). 

With regard to the postural effect on the direction of manual 
laterality, from sitting to supported bipedal posture, the general 
laterality tendency for hand preference in N. leucogenys 
shifted from left-hand use to right-hand use, with 70% of 
individuals displaying varying degrees of right-side deviation 
based on HI/ABS-HI values. This rightward effect on bipedal 
posture for N. leucogenys agrees with previous findings in 
great ape species (Gorilla gorilla: Olson et al., 1990; P. 
paniscus: Hopkins et al., 1993; except Vleeschouwer et al., 
1995; P. troglodytes: Braccini et al., 2010; Hopkins, 1993; 
Pongo pygmaeus: Hopkins, 1993) and some monkey species 
(e.g., Cebus apella: Westergaard et al., 1998a; Lophocebus 
albigena: Blois-Heulin et al., 2007; Macaca mulatta: 
Westergaard et al., 1998b), but contrasts to several findings 
on leftward laterality trends (e. g., Galago senegalensis: 
Sanford et al., 1984; H. lar. Olson et al., 1990; Saimiri 
sciureus: King & Landau, 1993). These consistencies and 
inconsistencies on the postural effect on primate hand 
preference may be associated with species-specific foraging 
types (arboreal/terrestrial), bipedal posture habit (frequent/ 
less), and task-specific demands (simple/complex, unimanual/ 
bimanual) (Hanson et al., 2017; Hashimoto et al., 2013; 
Hopkins, 1993). For instance, the uniformity of the rightward 
laterality trend in bipedal posture for N. leucogenys and all 
great apes (Braccini et al., 2010; Hopkins, 1993; Hopkins et 
al., 1993; Olson et al., 1990) suggests that bipedalism may 
play a crucial role in driving the evolution of primate right 
handedness (Hopkins, 2007). In addition, while N. leucogenys 
showed a modest tendency towards right-hand use in 
unimanual grooming during bipedal posture, the lar gibbon (H. 
lar) has been reported to display group-level left handedness 
in a mesh retrieval task during bipedal posture (Olson et al., 
1990). This disparity in manual laterality trends between two 
gibbon species could be a consequence of task-specific 
demands, which may require special manual operation of the 
lateralized brain (Hashimoto et al., 2013; Rogers et al., 2013). 

In regard to the postural effect on strength of manual 
laterality, based on mean ABS-HI scores, N. leucogenys 
displayed a stronger hand preference during supported 
bipedal posture than during sitting posture, although there 
was no significant difference between the two postures. This 
finding to some extent supports current research suggesting 
that upright or bipedal postures may facilitate greater 
expression of primate hand preference (Hook-Costigan & 
Rogers, 1996; Hopkins, 1993; Roney & King, 1993; 
Westergaard et al., 1998a). For example, hand preference 
during both unsupported and supported bipedal posture is 
significantly greater than that during seated posture in 
chimpanzees (Braccini et al., 2010). 

The northern white-cheeked gibbon is a monogamous 
species, with females bearing more breeding tasks than 
males (Bleisch et al., 2008; Fan, 2017). This suggests that, 
compared with males, females should spend more time in 
trees taking care of the next generation, which would partly 
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restrict the frequency of bipedal posture during foraging and 
movement. Sex differences in bipedal posture may drive sex- 
specific hand preference in response to the postural effect (i. 
e., from quadrupedal or sitting posture to bipedal posture). 
The present study preliminarily confirmed this viewpoint: (1) a 
significant sex difference in hand preference was found in 
bipedal posture but not in sitting posture; and, (2) in 
unimanual grooming during bipedal posture, all males showed 
right-handedness whereas three of the five females showed 
left-handedness. These results indicate that bipedal posture 
produces sex-specific manual laterality in this gibbon species. 
In the current study, we focused on how posture affects 
hand preference in spontaneous behavioral tasks in northern 
white-cheeked gibbons. Results indicated that, to a certain 
degree, bipedal posture facilitated stronger hand preference, 
elicited a rightward trend in manual laterality, and exhibited 
sex-specific hand preference. Further comprehensive study 
exploring the effect of body posture on different behavioral 
tasks (e. g., foraging, grooming) under varying postures is 
required to further test the postural origin hypothesis in this 
species. In addition, future research should introduce more 
Hylobatidae species with larger sample size to clarify the 
postural effect on primate handedness evolution. The postural 
effect on both hand preference and foot preference in this 
species as well other non-human primates under natural 
conditions should also be studied (e.g., Zhao et al., 2008b). 
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ZOOLOGICAL RESEARCH 


A new species of Mountain Dragon (Reptilia: 
Agamidae: Diploderma) from the D. dymondi complex 
in southern Sichuan Province, China 


DEAR EDITOR, 


Despite continuous studies on the cryptic diversity of the 
Diploderma flaviceps complex in Southwest China for the past 
decade, little attention has been given to other widespread 
congeners in China. Combining both morphological and 
phylogenetic data, we describe a new species of Diploderma 
from populations identified previously as D. dymondi in the 
lower Yalong River Basin in southern Sichuan Province. The 
new species is morphologically most similar to D. dymondi 
and D. varcoae, but it can be differentiated by a considerable 
genetic divergence and a suite of morphological characters, 
including having taller nuchal crest scales, smaller tympana, 
and a distinct oral coloration. Additionally, we discuss other 
putative species complexes within the genus Diploderma in 
China. 

Mountain Dragons of the genus Diploderma Hallowell, 1861 
were recently resurrected from the paraphyletic genus 
Japalura sensu lato (Wang et al., 2019a). Despite the recent 
split, Diploderma still represents one of the most diverse 
groups of agamid lizard from Asia, including 25 species 
recognized currently, with most species found in China (Wang 
et al., 2019a, 2019b). Although increasing attention has been 
paid to cryptic diversity within the genus in Southwest China 
during the past decade, most studies have focused on a 
single species complex, D. flaviceps, only (Manthey et al., 
2012; Wang et al., 2015, 2016, 2017, 2019a), with few studies 
on other congeners that also have widespread distributions. 
One such example is D. dymondi (Boulenger, 1906). 

First described from the Jinsha River Valley at Yunnan Fu (= 
Dongchuan) in northeastern Yunnan Province, D. dymondi 
was first diagnosed by a small set of morphological 
characters, particularly the presence of exposed tympana 
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(Boulenger, 1906). Based on this diagnosis, all populations of 
Diploderma in Southwest China with exposed tympana were 
identified historically as D. dymondi, and the species was 
recorded to have a wide distribution in Southwest China, 
including along the Nu River (=Salween) Basin in 
northwestern Yunnan Province (Wu, 1992; Yang & Rao, 2008; 
Zhao et al., 1999), the lower Jinsha River Basin in northern 
Yunnan Province and southern Sichuan Province (Boulenger, 
1906; Deng & Jiang, 1998; Zhao et al., 1999; Zhao, 2003), the 
central parts of the Yunnan-Guizhou Plateau (Boulenger, 
1906), and the Yalong River Basin in Sichuan Province (Deng 
& Jiang, 1998; Zhao et al., 1999; Zhao, 2003; Figure 1). 
However, later taxonomic works revealed distinct species 
among the populations identified previously as D. dymondi, 
including D. varcoae (Boulenger, 1918) from the central 
Yunnan-Guizhou Plateau and D. slowinskii (Rao, Vindum, Ma, 
Fu, Wilkinson, 2017) from the Nu River Basin in western 
Yunnan Province. Such discoveries suggest that D. dymondi, 
as currently recognized, represents a complex of unique 
evolutionary lineages that warrant further investigation. 
Interestingly, few studies have examined the taxonomic status 
of several populations of D. dymondi across its range (Rao et 
al., 2017). As different species of Diploderma occupy distinct 
river courses in Southwest China (Manthey et al., 2012; Wang 
et al., 2019a), it is highly possible that the unexamined 
populations of D. dymondi in different river courses along the 
Jinsha River represent additional diversity. 





Received: 21 August 2019; Accepted: 26 August 2019; Online: 02 
September 2019 

Foundation items: This research was supported by the Strategic 
Priority Research Program of Chinese Academy of Sciences (XDA 
20050201), National Key Research and Development Program of 
China (2017YFC0505202), the Second Tibetan Plateau Scientific 
Expedition and Research (STEP) program (2019QZKK0501), and the 
Animal Branch of the Germplasm Bank of Wild Species CAS (Large 
Research Infrastructure Funding) to J. Che; NSF GRFP (2017216966) 
to K. Wang; and the cooperative program of the State Key Laboratory 
of Genetic Resources and Evolution, KIZ (GREKF16-12) to C. Siler 
and J. Che 

DOI: 10.24272/j.issn.2095-8137.2019.034 


Zoological Research 40(5): 456-465, 2019 





D 


Figure 1 Distribution of Diploderma dymondi species complex in 
Southwest China (top) and macro- (A and B) and micro- (C and D) 
habitats of D. swild sp. nov. (bottom) 

Different shapes represent type localities of different species (Star: 
Diploderma swild sp. nov.; Circle: D. dymondi; Rectangle: D. 
slowinskii, and Hexagon: D. varcoae), where numbered shapes 
represent additional known localities of each species (circle 1: 
Panzhihua City, Sichuan Province; circle 2: Dayao, Yunnan; hexagon 
1: Yuxi, Yunnan; hexagon 2: Mengzi, Yunnan). Photos of habitats were 
taken at the type locality. Photos by Kai Wang and Ben-Fu Miao. 


During herpetological surveys in southern Sichuan Province 
from 2017 to 2019, specimens of previously identified D. 
dymondi were collected from the lower Yalong River Basin, a 
main tributary of the Jinsha River, and a historical specimen of 
previously identified D. dymondi from southern Sichuan 
Province was examined in the museum collection. As the 
examined population of D. cf. dymondi forms a monophyletic 
group and possesses considerable genetic distances from 
closely related congeners based on mitochondrial marker, and 
given it is also morphologically distinct from all recognized 
congeners, we here describe this lineage as a new species. 

A total of nine specimens of the new species were collected 


from Yanbian County, Panzhihua District, southern Sichuan 
Province, China (Figure 1). In addition to the newly collected 
specimens, a single specimen of the new species from 
Xichang, Sichuan Province, and 20 recognized species of 
congeners from the following natural history museum 
collections were also examined (Supplementary material 
(Appendix 1)). 

Total genomic DNA for the new species was extracted from 
liver tissues, and the mitochondrial gene NADH 
dehydrogenase subunit 2 (ND2, 1 035 bp (coding region), 182 
bp (tRNAs)) was amplified and sequenced by using published 
primers (Wang et al., 2019a). In addition to the newly 
generated sequences, genetic data for 18 species of 
Diploderma and representatives of two outgroup genera 
(Pseudocalotes and Acanthosaura) were obtained from 
GenBank (Supplementary Table S1). 

To infer the mitochondrial gene tree among sampled 
congeners, both Bayesian inference (BI) and maximum 
likelihood (ML) analyses were conducted on the final 
alignment (Supplementary material (Methods)). To root the 
resulting mitochondrial gene trees, Acanthosaura lepidogaster 
and Pseudocalotes species were chosen as the outgroup, 
following recent higher-level agamid work (Wang et al., 
2019b). Uncorrected genetic pairwise distances (P-distances) 
were also obtained for the coding region of ND2 (1 035 bp) for 
closely related congeners using PAUP v. 4.0610 (Swofford, 
2003). 

All specimens were measured by using a digital caliper to 
the nearest 0.1 mm, except for tail length, which was 
measured to the nearest 1 mm using a ruler. The 
morphometric characters were measured following Wang et 
al. (2018), with some additional morphological characteristics 
added (Supplementary material (Methods)). Color names and 
codes follow Kohler (2012). 

To examine whether the putative new species occupy 
distinct morphological spaces with respect to morphologically 
similar congeners, and whether the morphological clustering 
coincide with the phylogenetic clades recovered from our 
molecular data set, Principle Component Analysis (PCA) and 
Discriminant Analysis of Principle Components (DAPC) were 
performed. Because all known species of Diploderma are 
sexually dimorphic (Wang et al., 2019a, 2019b), morphometric 
data were analyzed separately for males and females. 

The resulting topologies from BI and ML analyses are highly 
consistent, with a few exceptions only where support values 
are strong in Maximum Likelihood analyses (bootstrap support 
[BS]>70) but not in Bayesian analyses (posterior probability 
[PP]<0.95; Figure 2). The genus Diploderma is shown to be a 
monophyletic group with strong support (Clade A, BS 98, PP 
1.00; support values are given in this order hereafter). All 
recognized species of Diploderma (except D. laeviventre, D. 
micangshanense, and D. varcoae, which each only has a 
single individual) are shown as monophyletic with strong 
support (100/1.00), with two major clades, Clade B (92/1.00) 
and Clade C (100/1.00), observed within the genus (Figure 2). 
Within Clade C, all sampled individuals from Yanbian County 
form a clade (100/1.00). Diploderma dymondi is shown as 
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sister to D. varcoae with strong support (Clade E, 100/1.00; 
Figure 2), and this whole clade forms a monophyletic group 
with individuals from the Yanbian population (Clade D, 65/ 
0.94; Figure 2). 

We observe low intraspecific genetic divergence within the 
Yanbian population (P-distances of 0.1%-0.3% ; 
Supplementary Table S2). However, compared to closely 
related congeners, individuals from the Yanbian population 
are observed to be 10.9%-—13.1% divergent from topotypic D. 
dymondi, 12.1%—12.4% from D. varcoae, 16.5%-—18.0% from 
D. slowinskii, and 15.6%-16.1% from D. flaviceps 
(Supplementary Table S2). 

For morphometric characters PCA analyses reveal three 
major components with eigen values greater than one for both 


males and females, which together captures 81.2% and 
81.5% of the total variance, respectively (Supplementary 
Tables S3, S4). For males, the first major principal component 
(PC) loads most heavily on the relative tail length (TAL/SVL) 
and relative head depth (HD/HL); the second major PC loads 
most heavily on the relative nuchal crest length (TNC/HL) and 
relative forelimb length (FLL/SVL); and the third major PC 
loads most heavily on the relative head width (HW/HL) 
(Supplementary Table S3). For females, the first major PC 
loads most heavily on relative head depth (HD/HW and HD/ 
HL); the second major PC loads most heavily on relative 
forelimb length (FLL/SVL) and relative head width (HW/HL); 
and the third major PC loads most heavily on relative tail 
length (TAL/SVL) (Supplementary Table S4). For DPAC 
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Figure 2 Phylogenetic relationships among species of the genus Diploderma based on both Maximum Likelihood and Bayesian analyses 


of mitochondrial DNA (ND2) 


Maximum Likelihood topology shown with both Maximum Likelihood bootstrap and Bayesian posterior probability values mapped on each node (in 
this order), except for terminal nodes that unify multiple individuals of the same species, which are all well supported across analyses (100/1.00). 


Photo by Kai Wang. 
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results, both males and females of the putative new species 
occupy distinct morphospace with respect to recognized, 
similar congeners, with no overlap with recognized congeners 
for the 95% confident intervals (Figure 3). 

For pholidosis and ornamentation characters, individuals 
from Yanbian and Xichang are phenotypically most similar to 
D. dymondi and D. slowinskii, with all species possessing 


dorsolateral stripes in males. However, the Yanbian and 
Xichang populations posses a suite of unique morphological 
characters that differentiate them from both species and all 
other congeners, including the presence of taller nuchal 
crests, exposed and relatively smaller tympana, and distinct 
Light Chrome Orange (Color 76) coloration of the oral cavity 
and tongue (for details, see comparison section below; 


exposed tympana, 


transverse gular folds, 
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Figure 3 PCA (1) and DAPC (2) analyses of relative morphometric measurements for males (A) and females (B) of D. swild sp. nov. and 


closely related congeners 
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For males, D. dymondi, D. slowinskii, and D. varcoae are included; while for females, D. varcoae is excluded due to limited samples size. 
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Figure 4 Comparisons in life of males (1 and 3) and females (2 and 4) of Diploderma dymondi (A) and D. swild sp. nov. (B), showing the 


different colorations of dorsal and lateral body and oral cavity and tongue 
A1, A3: KIZ 040148, from Panzhihua, Sichuan, China; A2, A4: KIZ 040149, from Panzhihua, Sichuan China; B1, B3: Holotype KIZ 034912; B2, B4: 


Paratopotype KIZ 040125. Photos by Kai Wang and Ke Jiang. 
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Table 1 
varcoae, and D. swild sp. nov. (All measurements are in mm) 


Morphological comparisons among species of the Diploderma dymondi complex, including D. 


dymondi, D. 


slowinskii, D. 





D. swild sp. nov. D. dymondi D. varcoae D. slowinskii 
Sex M F M F M F M F 
Sample size (n) 3 7 8 4 4 2 (*) 7 4 
SL a ae ae 65.0-79.2 (71.1) a a age ane 
TALISVL (%)  224.4-239.0 (233.3) oo a a Hee oo cae 
HWIHL (%) 65.84-71.5 (67.9) eo ~ i o a ee o 
HD/HL (%) 52.0-55.4 (53.3) T o a ag 57.2 (-) veal ee 
HD/HW (%) 73.4-83.4 (78.6) i a at ae 79.6 (-) e A 
ame ae ee a 
HLLISVL (%)  72.0-78.1 (75.1) a na ee ite o o o 
TRLISVL (%)  44.4-53.1 (49.1) i o i o ~ a o 
TNC/HL (%) 12.0-12.4 (12.1) fos a a” aa a aS ea aa 
TD/OD (%) 26.7-42.9 (37.3) a cia os aa oo 55.11 (-) aa a. 13 


For character abbreviations see Supplementary Methods. Average values are given in parentheses; for scale count, such average is rounded to the 
nearest whole number. *: Indicates differential sample size for female Diploderma varcoae, where for tail length, head depth, and tympanic diameter, 
only a single specimen (KIZ 034294) was measured. F: Female; M: Male. —: Not available. 


Taxonomic account 

Diploderma swild sp. nov. Wang, Wu, Jiang, Chen, Miao, 
Siler, Che (Figures 1, 4 and 5; Tables 1, 2; Supplementary 
Table S5) 


Synonyms: Japalura dymondi Deng et al., 1991: 27. Zhao et 
al., 1999: 110-111. Zhao, 2003: 82-83. Japalura flaviceps 
Deng et al., 1991: 27. Zhao et al., 1999: 111—115. Zhao, 
2003: 84. 


Holotype: KIZ 034912, adult male from Hongbao Village, 
Yanbian County, Panzhihua District, Sichuan Province, China 
(WGS 84, E101.558°, N27.104°, 2 318 m a.s.l.), collected by 
Ben-Fu Miao on October 15, 2017. 


Paratype: CIB 1871/105074, adult male from Xichang, 
Liangshan Prefecture, Sichuan Province, China, collector and 
collecting time unknown. KIZ 034913, adult female; KIZ 
034914, 034894, sub-adult males, collected by Ben-Fu Miao 
on August 2017. KIZ 040935, adult male, collected by Ben-Fu 
Miao and Kai Wang on April 10, 2019; KIZ 040124, sub-adult 
female; KIZ 040125-27, adult females, collected by Kai Wang, 
Jia-Wei Wu, Gedeng Nima, and Ben-Fu Miao on April 23, 
2018. 


Diagnosis: The new species can be diagnosed from 
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congeners by a combination of the following morphological 
characteristics: (1) body length moderate, SVL 59.8—71.7mm 
in adult males, 57.2—76.8 mm in adult females; (2) tail long, 
TAL 224.4%—239.0% SVL in adult males, 200.4%—221.0% in 
adult females; (3) hind limbs moderate, HLL 66.9% — 78.1% 
SVL; (4) head length, width, and depth moderate, HL 30.8%- 
32.5% SVL, HW 64.9%—-71.9% HL, HD 50.0%—-54.1% HL, HD 
73.4%-80.6% HW; (4) MD 35-44; (5) F4S 18-22; (6) T4S 23- 
27; (7) tympana exposed; (8) tympana moderate in size, TD 
26.7% —49.2% OD; (9) nuchal crest tall, clearly differentiated 
from dorsal crests, TNC 12.0% -12.4% HL in adult males, 
8.1%-11.8% in adult females; (10) transverse gular fold 
present, relatively shallow; (11) ventral scales of head and 
body distinctively keeled; (12) ventral head and ventrolateral 
body scales largely homogeneous in size with few enlarged 
scales scattered randomly; (13) gular spots absent in both 
sexes; (14) dorsolateral stripes distinct in males, smooth 
edged, Chartreuse (Color 89) in color; faint or indistinct in 
females, White, Cream Color (Color 12), or Spectrum Yellow 
(Color 79) in color; (15) ventral body white with Jet Black 
(Color 300) speckles or with two wide, parallel, Light Yellow 
Ocher (Color 13) lateral patches distributed from chest to 
region anterior to vent; and (16) anterior oral cavity and 
tongue Light Chrome Orange (Color 76), posterior parts of 
palate marbled Dark Neutral Gray (Color 299). 


Table 2  Pholidosis and coloration comparisons among species of the Diploderma dymondi complex, including D. dymondi, D. 


slowinskii, D. varcoae, and D. swild sp. nov. 





D. swild sp. nov. D. dymondi D. varcoae D. slowinskii 
Sample size (n) 9 (*) 12 3 4 
SL 6-10 (7) 7-9 (8) 7 or 8 (8) 6-8 (7) 
IL 7-9 (8) 8-11 (9) 8 or 9 (8) 7-9 (8) 
NSL Oor 1 (1) 0 or 1 (1) 14 (1) Oor 1 (1) 
MD 35-44 (42) 41-51 (45) 38-41 (38) 47-53 (50) 
F4S 18-22 (20) 16-21 (19) 15-20 (17) 20-23 (21) 
T4S 23-27 (25) 22-27 (24) 19-24 (21) 24-28 (27) 
SOR 3 or 4 (3) 3 or 4 (3) 3 or 4 (4) 2 or 3 (3) 
PTS 1-4 (2) 2-4 (3) 3 or 4 (4) 3-5 (5) 
PTY 3-7 (5) 4-9 (6) 3-6 (4) 4-6 (5) 
PRS 5-10 (8) 6-10 (9) 6-11 (8) 4-8 (6) 
cCoO Light chrome orange Spectrum violet Light chrome orange Pale pinkish buff 
CT Marbled drak neutral gray Spectrum violet Light chrome orange Pale pinkish buff 
CTG Light chrome orange Pale pinkish buff Light chrome orange Pale pinkish buff 
CDS Chartreuse Chartreuse Light buff Chartreuse 
SDS Smooth Smooth Jagged Smooth 


For character abbreviations see Supplementary Methods. Average value of each scale count is given in parentheses, which are rounded to the 
nearest whole number. *: Indicate differential sample sizes for Diploderma swild sp. nov., where for F4S, T4S, and PTS, the sample sizes are eight, 


seven, and seven, respectively. 


Comparisons: The new species is morphologically most 
similar to, and confused historically with, D. dymondi, in which 
both species have exposed tympana and green, smooth- 
edged dorsolateral stripes in males. However, D. swild sp. 
nov. can be differentiated from D. dymondi by having 
relatively taller nuchal crest scales (TNC 12.0%-—12.4% HL 
in males, 8.1%—-11.8% in females vs. 4.6%-—6.6% in males, 
4.4%-6.0% in females), smaller tympana (TD 26.7%—49.2% 
OD vs. 49.4%-—61.2%), a distinct coloration of oral cavity 
(Light Chrome Orange (Color 76) vs. Spectrum Violet (Color 
186) or Jet Black (Color 300)), and tongue (Light Chrome 
Orange (Color 76) vs. Light Flesh Color (Color 250)) (Tables 
1, 2), as well as by presence of enlarged scales on the ventral 
surface of head scales (vs. absent). 

Diploderma swild sp. nov. is also similar to D. slowinskii 
and D. varcoae morphologically, where all three species have 
exposed tympana. However, the new species can be 
differentiated from D. slowinskii by having a smaller maximum 
body size (maximum SVL reaching 76.8 mm vs. reaching 
99.5 mm), fewer middorsal scales count (MD 35-44 vs. 47- 
53), distinct oral coloration in life (Light Chrome Orange (Color 
76) vs. Light Flesh Color (Color 250)), and by the presence of 
distinct, white lip stripes (vs. absent); and from D. varcoae by 
having much larger nuchal crest scales (TNC 12.0%-12.4% 
HL in males, 8.1%—11.8% in females vs. 4.0%—7.1% in males, 
3.8%-6.1% in females), smaller tympana (TD 26.7%—49.2% 
OD vs. 55.1%-67.3%), different shape and color of 
dorsolateral stripes in males (Smooth edged, Chartreuse 


(Color 89) or Yellow Green (Color 103) vs. strongly jagged, 
Light Buff (Color 2)), different ecology (arboreal vs. terrestrial), 
and by the presence of a transverse gular fold (vs. absent) 
(Tables 1, 2). 

Compared to other members of the same clade (Clade C, 
Figure 2), the new species differ from D. flaviceps by having a 
longer tail (TAL>200.4% SVL vs.<193.9%), taller nuchal crests 
(TNC 12.0%-12.4% HL in males, >8.1% in females vs. <6.1% 
in males, <5.6% in females), different shape and coloration of 
dorsolateral stripes in males (smooth edged, Chartreuse 
(Color 89) or Yellow Green (Color 103) vs. strongly jagged, 
Cream Color (Color 12)), as well as by the presence of dark 
distinct radial stripes around eyes (vs. absent), and by the 
absence of hollow, rhomboid shaped patterns along dorsal 
midline of the body (vs. present); from D. micangshanense by 
having exposed tympana (vs. concealed), different shape and 
coloration of dorsolateral stripes in males (smooth edged, 
Chartreuse (Color 89) or Yellow Green (Color 103) vs. strongly 
jagged, Cream Color (Color 12)), a distinct coloration of oral 
cavity and tongue (Light Chrome Orange (Color 76) vs. Light 
Flesh Color (Color 250)), and by the presence of a transverse 
gular fold (vs. absent); from D. splendidum by having exposed 
tympana (vs. concealed) and a distinct coloration of oral cavity 
and tongue (Light Chrome Orange (Color 76) vs. Light Flesh 
Color (Color 250)); from D. zhaoermii by having exposed 
tympana (vs. concealed), a distinct shape of dorsolateral 
stripes in males (smooth edged vs. strongly jagged), a distinct 
oral coloration in life (Light Chrome Orange (Color 76) vs. 
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Light Flesh Color (Color 250)), and by the absence of distinct 
gular spots in males (vs. present); and from all island 
congeners (D. brevipes, D. luei, D. makii, D. polygonatum, 
and D. swinhonis) by having exposed tympana (vs. 
concealed) and by the presence of a transverse gular fold (vs. 
absent). 

For congeners in the different Clade (Clade B, Figure 2), the 
new species differs by having exposed tympana (vs. 
concealed) and a shallow transverse gular fold (vs. prominent 
and deep). Additionally, D. swild sp. nov. differs from all 
members of Clade B except for D. laeviventre (including D. 
chapaense, D. batangense, D. vela, D. yulongense, and D. 
yunnanense) by having smooth edged, dorsolateral stripes in 
males (vs. strongly jagged), and from all but D. chapaense 
and D. yunnanese by having a distinct coloration of oral cavity 
and tongue (Light Chrome Orange (Color 76) vs. Light Flesh 
Color (Color 250)), heterogeneous ventral head scales and 
ventrolateral body scales (vs. homogeneous), and taller 
nuchal crests (TNC 12.0%-12.4% HL in males, 28.1% in 
females vs. <6.1%). Furthermore, D. swild sp. nov. differs 
from D. laeviventre by having fewer middorsal scale count 
(35-44 vs. 57-59), different scale texture of ventral scales 
(strongly keeled vs. smooth), and by the absence of distinct 
gular spots in both sexes (vs. present); and from D. 
chapaense and D. yunnanense by having a transverse gular 
fold (vs. absent), and by the absence of distinct W-shaped 
ridges on occipital head (vs. present) and the absence of 
gular spots (vs. present). 

For congeners that do not have genetic data, the new 
species differs from all by having exposed tympana (vs. 
concealed). Additionally, D. swild differs from D. brevicaudum 
by having a much longer tail (TAL>200.4% SVL vs. <150.0%); 
from D. drukdaypo by having a longer tail (TAL>200.4% SVL 
vs. <175.1%), distinctively keeled ventral scales (vs. smooth 
or feebly keeled), and strongly developed nuchal crests (vs. 
feebly developed); from D. grahami by having strongly 
developed nuchal crests (vs. feebly developed) and by the 
absence of grangular scales on the head and body (vs. 
present); from D. hamptoni by having parallel dorsolateral 
stripes (vs. diagonally away from dorsal midline toward 
posterior direction); from D. iadinum by having a longer tail 
(TAL>200.4% SVL vs. <196.4%), a distinct dorsal coloration 
(Clay Color (Color 18) to Warm Sepia (Color 40) vs. Yellowish 
Spectrum Green (Color 128) to Emerald Green (Color 143)), a 
distinct coloration of oral cavity and tongue (Light Chrome 
Orange (Color 76) vs. Light Flesh Color (Color 250)), and by 
the absence of gular spots in both sexes (vs. present); and 
from D. fasciatum by having a longer tail (TAL>200.4% SVL 
vs. <180.5%), a distinct coloration of oral cavity and tongue 
(Light Chrome Orange (Color 76) vs. Light Flesh Color (Color 
250)), and different ornamentation patterns on the dorsal 
bodies in males and females (two smooth edged dorsolateral 
stripes vs. single hourglass-shaped transverse marking on 
mid dorsum). 


Description of holotype: Medium sized agamid species, SVL 
58.84 mm, body not compressed dorsally; tail long, slender, 
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TAL 239% SVL; limbs moderate, forelimb 48.8% SVL, hind 
limb 78.1% SVL. Head moderate, head width 65.8% head 
length, head depth 52.0% head length, head depth 78.9% 
head width; snout relatively long, snout—eye distance 39.2% 
head length. Rostral rectangular, three times longer than 
height, separated from nasal by single scale; nasal polygonal 
in shape, separated from first supralabial by single small 
scale; supralabials 7/7, each with single, strong, lateral keel, 
last one longest; supralabials and orbit separated by three 
scale rows, medial row much larger, all distinctively keeled 
with lateral keels; supraciliaries 7/7, first anterior three each 
overlapping one-third of its total length with succeeding one, 
remaining ones overlapping between one-third to one-fourth 
of their length; two distinctively enlarged, sub-pyramidal 
shaped scales posterior-superior to orbit, with anterior one 
more laterally elongated; enlarged, convex, keeled scales 
between posterior orbit and anterior tympanum, 7/8, forming 
lateral ridge between orbit and tympanum on each side; 
tympana exposed, somewhat oval in shape, relatively small, 
TD 42.2% OD; enlarged, conical scales posterior-superior to 
tympana, well developed, 4/5. 

Dorsal head scales mostly homogeneous in size and 
shape, with few ones distinctively enlarged and randomly 
distributed, all scales distinctively keeled; four enlarged, 
keeled scales forming Y-shaped arrangement on dorsal snout 
anterior to orbit, with tip of such Y-shaped arrangement three 
small scales posterior to rostral; interparietal spear-tip in 
shape, with tip pointing posteriorly, parietal eye indistinct; 5/6 
enlarged, convex scales in C-shaped arrangement on each 
side of temporal head, with opening of C-shaped 
arrangements facing each other and symmetrical along dorsal 
midline; single, distinctively raised, conical scale on lateral 
temporal region on each side, superior to lateral ridge 
between orbit and tympanum; enlarged, raised, conical scales 
post-occipital on each side of head, well developed, 2/3. 

Dorsal body scales distinctively keeled, heterogeneous in 
size and shape; nuchal crest 11, in tall triangular shape, 
clearly differentiated from dorsal crest; dorsal crest highly 
serrated, well developed, differentiated from remaining dorsal 
scales; middorsal scale count 38; distinctively enlarged dorsal 
body scales somewhat conical in shape, tips raised at 
posterior ends; some enlarged dorsal body scales arranged in 
two paravertebral rows on each side of body, with first row 
about single scale-row away from dorsal crest, second row 
along superior border of dorsolateral stripe, further away from 
dorsal crest; remaining enlarged dorsal scales scattered 
randomly. Dorsal forelimb scales homogeneous on upper arm, 
heterogeneous on lower arm, with few enlarged, subpyramidal 
scales on posterolateral side; dorsal hind limb scales 
heterogeneous, with enlarged conical scales on posterolateral 
thigh. 

Mental pentagonal in shape, in contact with first pair of 
supralabials and chin shields; chin shields 7/8, two or three 
scale rows separated from infralabials; infralabials 8/9, each 
bearing single, strong, lateral keel; remaining ventral scales 
distinctively keeled, largely homogeneous in size and shape; 
small number of enlarged scales scattered randomly on 


posterior half of ventral head, largest of these roughly three 
times size of nearby background scales; post-rictal conical 
scales 10/7, distinctly enlarged and raised, resulting in spiky 
appearance. Gular pouch present, distinct in life, indistinct 
after preservation; lateral gular fold present in life, absent after 
preservation; transverse gular fold present, shallow. Ventral 
body scales distinctively keeled, largely homogeneous in size 
and shape, with small number of enlarged scales scattered on 
ventrolateral body only. Ventral limb scales largely 
homogeneous in size and shape, all distinctively keeled; 
Finger IV and Toe IV longest; subdigital lamellae well 
modified, 20/21 beneath Finger IV, 25/24 beneath Toe IV. Tail 
scales distinctively keeled, carinate in lateral rows. 


Coloration of holotype in life: The background color of the 
dorsal surface of the head is Straw Yellow (Color 53). Four 
distinct, Jet Black (Color 300) transverse patterns are 
scattered evenly between the snout and the posterior margins 
of the orbits on the dorsal surface of the head. The anterior 
most pattern is U-shaped, compared with the remaining 
patterns which are X-shaped. Irregular, Jet Black (Color 300) 
pigmentation patterns are present on the occipital and 
temporal regions of the head. Distinct, Jet Black (Color 300) 
radial stripes are present around the eyes, 10/10, with two 
inferior stripes below the eyes intercepting with the white lip 
stripe on each side of the head. Within the oral cavity, the 
anterior parts of the roof, sides of the mouth, and the tongue 
are Light Chrome Orange (Color 76), and the posterior parts 
of the palate and visible parts of the deep throat are marbled 
Dark Neutral Gray (Color 299). 

Two smooth-edged, dorsolateral stripes run from the 
occipital region of head to the pelvis, one on each side. The 
most anterior parts of the dorsolateral stripes from the neck to 
the pectoral region are white, which then sharply transition to 
Chartreuse (Color 89) posteriorly. The dorsal region of the 
body between dorsolateral stripes is nearly uniform Sepia 
(Color 286), with some fade, Jet Black (Color 300), triangular 
patterns. The background coloration of dorsal limbs and 
lateral surfaces of the body inferior to the dorsolateral stripes 
is Olive Brown (Color 278). Straw Yellow (Color 53), Medium 
Lime Green (Color 115), or White scales are scattered 
randomly on lateral surfaces of body inferior to dorsolateral 
stripes. Straw Yellow (Color 53) or Buff (Color 5) colored 
scales are arranged in transverse bands on dorsal surfaces of 
forelimbs and hind limbs. A distinct white stripe is present on 
the ventrolateral surface of thigh on each side, extending from 
pelvis to two third of the thigh. The background coloration of 
dorsal and lateral surfaces of the tail is uniform Sepia (Color 
286). Four Light Buff (Color 2) bands are evenly distributed on 
the anterior half of the tail and gradually become indistinct 
posteriorly. The ventral surfaces of head, limbs, and body are 
uniform white with no distinct ornamentations. The ventral 
surface of the tail is uniform Light Buff (Color 5) (Figure 4). 


Coloration of holotype in preservation: Although 
ornamentation structure remains largely the same following 
preservation, most coloration fades in intensity and shade. 


Specifically, the Jet Black (Color 300) transverse patterns on 
the dorsal surface of head fade and become Raw Umber 
(Color 22), the Chartreuse (Color 89) dorsolateral stripes 
become Pale Cyan (Color 157), the Medium Lime Green 
(Color 115) scales of lateral body become Cyan White (Color 
156), and the Sepia (Color 286) color of the dorsal body and 
limbs becomes Olive Color (Color 16) (Figure 5). 


Variations: Detailed morphometric and pholidosis variation 
are summarized in Supplementary Table S5. Like other 
congeners, sexual dimorphism is evident in D. swild sp. nov., 
where males (KIZ 034912, 040935, CIB1871/105074) differ 
from females by having a longer tail (TAL 224.4%—239.0% 
SVL in males vs. <221.0% in females), taller nuchal crest 
(TNC 12.0%-12.4% HL in males vs. 8.1%—11.8% in females), 
and distinct coloration and ornamentation, including 
differences in lateral body ornamentation (almost uniform 
Olive Brown (Color 278) or Clay Color (Color 20) in males vs. 
white, Chamois (Color 84), or Light Greenish Yellow (Color 87) 
with Sepia (Color 279) or Jet Black (Color 300) reticulated 
patterns in females), dorsolateral stripes (distinct, smooth- 
edged, Chartreuse (Color 89) in male vs. indistinct, jagged, 
white, Cream Color (Color 12), or Spectrum Yellow (Color 79) 
in females), gular coloration (uniform white in males vs. 
uniform white, Cream Yellow (Color 82), or Dark Spectrum 
Yellow (Color 78) with few black speckles in females), and 
coloration of ventral body (white in males vs. speckled white 
or speckled white with two parallel, Light Yellow Ocher (Color 
13) lateral patches in females). 


Etymology: The specific name "swild", which is a noun, is 
derived from the name of the Chinese Conservation 
Organization, Swild Studio (Ju Fa Ll du T.E %). We name the 
species after the organization in honoring its continuous 
contributions on promoting citizen science, nature 
photography, and public outreach on the wildlife conservation 
in Southwest China, particularly in the Hengduan Mountain 
Regions where the new species is native. Suggested English 
Common Name: Swild Mountain Dragon; Suggested Chinese 
Common Name: II) Jt Jé.iir (Pinyin: Shan Di Long Xi). 


Natural history: The new species is arboreal, inhabiting 
broad-leaf forest at elevation between 1 800—2 200 m a.s.l. 
(Figure 1). To date, the new species has been collected from 
the type locality in Yanbian County and Xichang of Liangshan 
Prefecture, Sichuan Province only, but individuals were also 
recorded from Huili County, further east from the type locality 
(personal communication). Although the type locality of the 
species is protected by the Ertan National Natural Reserve, 
much of the protected area is at high elevation where the 
species is far less abundant. As little is known about the 
distribution range other than few isolated localities, we 
propose to list the species as Data Deficient (DD) for IUCN 
assessment, and we call for future ecological study to 
determine its conservation status. 

Individuals were observed foraging both on trees and on the 
ground during the day, but only resting on twigs or thin stems 
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Figure 5 Comparisons between males and females of Diploderma swild sp. nov. (A), D. dymondi (B), D. slowinskii (C), and D. varcoae (D) 
in preservative, depicting differences in the lateral (1), dorsal (2), and ventral (3) head regions, the nuchal crest (4), and in overall body 


ornamentation (5) (Photos by Kai Wang) 


of bushes at night from about 1 m to 2-3 m above ground 
(Figure 1). Road-killed individuals are common at the type 
locality, especially at low-elevation site (about 1 200 m a.s.l.). 
Possible predators may be lizard-eating snakes such as Ptyas 
nigromarginatus, Lycodon liuchengchaoi, and Elaphe carinata, 
which are all common at the type localities. No sympatric 
distribution between the D. swild sp. nov. and D. dymondi 
were observed in the field. Based on our field surveys, the 
new species inhabits the moister, montane area that is further 
away from the much dryer main course of the Jinsha River, 
where D. dymondi inhabits (Figure 1). Such differences in 
abiotic habitat may indicate ecological divergence between 
the two otherwise similar species. Further ecological studies 
are needed to gain a better understanding on the ecology of 
these mountain dragons in this region. 
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NOMENCLATURAL ACTS REGISTRATION 


The electronic version of this article in portable document 
format represents a published work according to the 
International Commission on Zoological Nomenclature (ICZN), 
and hence the new names contained in the electronic version 
are effectively published under that Code from the electronic 
edition alone (see Articles 8.5-8.6 of the Code). This 
published work and the nomenclatural acts it contains have 
been registered in ZooBank, the online registration system for 
the ICZN. The ZooBank LSIDs (Life Science Identifiers) can 
be resolved and the associated information can be viewed 
through any standard web browser by appending the LSID to 
the prefixhttp://zoobank.org/. 

Publication LSID: 

urn: Isid: zoobank. org: pub: 31EEFADO0-0452-44DD-B60E- 


66360C922836 

Diploderma swild LSID: 

urn: Isid: zoobank. org: act: 2CB71FBO-D2C7-4215-9BAO- 
7C954BE49CBA 
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ZOOLOGICAL RESEARCH 


Nest sanitation facilitates egg recognition in the 
common tailorbird, a plaintive cuckoo host 


DEAR EDITOR, 


Nest sanitation is a ubiquitous behavior in birds and functions 
to remove foreign objects that accidentally have fallen into 
their nests. In avian brood parasitism, the host's ability to 
recognize and reject parasitic eggs is a specific anti-parasitic 
behavior. Previous studies have shown that egg recognition 
may have evolved from nest sanitation behavior; however, few 
studies have offered evidence in support of this hypothesis. In 
the current study, we added one real white egg and one model 
egg to the nests of common tailorbirds (Orthotomus sutorius), 
the main host of plaintive cuckoos (Cacomantis merulinus), to 
explore the relationship between egg recognition ability in 
hosts and nest sanitation behavior. Results showed that 
common tailorbirds rejected both non-mimetic blue model 
eggs and mimetic white model eggs at a similar rate of 100%, 
but only rejected 16.1% of mimetic real white eggs. The egg 
rejection behavior of common tailorbirds towards both real 
and model eggs was consistent. However, when both blue 
model eggs and real white eggs were simultaneously added 
to their nests, the probability of rejecting the mimetic real white 
egg increased to 50%. The addition of blue model eggs not 
only increased the occurrence of nest sanitation behavior but 
also increased the ability to recognize and reject parasitic 
eggs. This suggests that nest sanitation may facilitate egg 
rejection in common tailorbird hosts. 

Nest sanitation is an important and ubiquitous behavior in 
birds that results in the removal of foreign objects and waste 
materials from their nests. Birds swallow, transport, or bury 
nest objects to ensure cleanliness and thus reduce the risk of 
shell damage and chick infection by pathogens and parasitic 
worms (Guigueno & Sealy, 2012, 2017; Ibáñez- Álamo et al., 
2017). Birds not only remove chick feces, eggshells, 
unhatched eggs, and dead chicks but also foreign objects 
(Guigueno & Sealy, 2009; Moskát et al., 2003). In avian brood 
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parasitism, many hosts rely on differences in egg color, size, 
markings, and shape to differentiate between their own eggs 
and those that are parasitic (Davies & Brooke, 1988; 
Polačiková & Grim, 2010; Rothstein, 1975b, 1982), and thus 
identify such eggs as foreign objects to be discarded from the 
nest. For example, the American robin (Turdus migratorius) 
rejects and removes model eggs that deviate from their own in 
dominant color, size, and markings (Luro et al., 2018). This 
form of egg rejection could be considered as a type of nest 
sanitation behavior. Therefore, we propose the following 
question: Does egg rejection behavior in birds evolve from 
nest sanitation behavior? Nest sanitation may be an important 
stage in the evolution of egg recognition in hosts because 
nest sanitation, egg recognition, and parasitic egg rejection 
reduce the reproductive costs incurred from raising another 
bird's progeny (Davies & Brooke, 1989; Payne, 1977). Egg 
rejection in birds is usually achieved by grasping or puncturing 
the eggs with their beaks and removing the eggs from the 
nest (Moksnes et al., 1991; Rohwer & Spaw, 1988). Both egg 
rejection and nest sanitation behavior involve the removal of 
foreign or unwanted matter from the nest. 

Rothstein (1975a) first proposed that nest sanitation 
behavior may be a pre-adaptation of egg rejection. Moskát et 
al. (2003) further proposed a hierarchal concept to explain the 
relationship between nest sanitation and egg rejection 
behavior: i.e., (1) host rejection of all non-egg-like objects is a 
general cleaning mechanism; and, (2) hosts that recognize 
their own eggs can differentiate between objects similar to 
their eggs and parasitic eggs. In other words, the greater the 
differences, e.g., in appearance, between the foreign object 
and the egg, the stronger the bird's ability to differentiate 
between them, and the more likely that the foreign objects will 
be rejected. An initial study of red-winged blackbirds (Agelaius 
phoeniceus) showed removal of model eggs that mimicked 
broken eggs but not rejection of parasitic cowbird eggs 
(Kemal & Rothstein, 1988; McMaster & Sealy, 1997). Yang et 
al. (2015a) added a peanut shell alongside a model egg in the 
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nests of barn swallows (Hirundo rustica), a host of common 
cuckoos (Cuculus canorus), and found that the probability of 
rejecting model eggs increased significantly in the presence of 
a half peanut shell. Furthermore, Yang et al. (2015b) showed 
that the rate of rejection of foreign eggs increased with the 
rate of rejection of non-egg-shaped objects in barn swallows. 
These results suggest a possible association between nest 
sanitation behavior and egg recognition in cuckoo hosts. 

The study of Mermoz et al. (2016) on brown-and-yellow 
marshbirds (Pseudoleistes virescens) did not directly discuss 
the role of nest sanitation behavior in egg rejection by hosts 
but suggested that adding one spotted-blue artificial egg 
increased the rejection rate of cowbird eggs. However, when 
Peer (2017) followed the method of Yang et al. (2015a) and 
added a piece of flagging tape or a pinecone bract scale to 
the nest of red-winged blackbirds, they found that the addition 
of foreign material did not affect the host's rejection rate of 
cowbird eggs. Su et al. (2018) added peanut shells and model 
eggs to the open nests of brown-breasted bulbuls 
(Pycnonotus xanthorrhous) and found that nest sanitation 
behavior did not affect egg recognition ability in this species. 
Evidently, the effects of nest sanitation behavior on egg 
recognition differ among species, and thus the connection 
between these behaviors in birds remains unclear (Luro & 
Hauber, 2017). As such, further studies on more species are 
required to validate the role of nest sanitation behavior on the 
evolution of egg recognition and egg rejection behavior. 

Most previous studies on the relationship between egg 
rejection ability and nest sanitation behavior have used non- 
egg-shaped objects to stimulate birds (Luro & Hauber, 2017; 
Peer, 2017; Su et al., 2018; Yang et al., 2015a). According to 
Moskat et al. (2003), the more dissimilar the shape of a 
foreign object compared to the host egg, the more likely that 
nest sanitation behavior will be elicited. However, although 
egg-shaped objects better simulate cuckoo eggs, few studies 
have used egg-shaped objects to stimulate nest sanitation 
behavior in hosts (Mermoz et al., 2016). 

Common tailorbirds are one of the main hosts of plaintive 
cuckoos (Cacomantis merulinus) (Nahid et al., 2016; Payne, 
2005; Tunheim et al., 2019; Yang et al., 2012). They are 
extremely sensitive to the appearance of foreign eggs and 
frequently reject eggs that exhibit a different color or pattern to 
their own (Yang et al., 2016). In the current study, using egg- 
shaped objects (i.e., mimetic real white eggs and non-mimetic 
blue and white model eggs), we tested whether egg 
recognition ability in common tailorbirds could be stimulated to 
examine the relationship between nest sanitation and egg 
rejection behavior. As egg-shaped objects can better simulate 
cuckoo eggs (Mermoz et al., 2016), we predicted that the 
addition of a real white egg together with a blue model egg 
would significantly increase the rejection rate of real white 
eggs compared to the group in which only real white eggs 
were added. 

The study site is located at the Nonggang National Nature 
Reserve in Guangxi, southwest China (N22°13', E106°42') at 
an altitude of 150-650 m a. s. l.. The site has a typical 
subtropical monsoon climate with an annual mean 


temperature of 20.8-—22.4 °C and annual mean rainfall of 
1 150-1 550 mm (Zhou & Jiang, 2008). 

The study was conducted during the breeding season 
(March—September) in 2018. Common tailorbirds are one of 
the most abundant bird species in the study area and the 
main host for plaintive cuckoos, with a general parasitism rate 
of 17.0% (Yang et al., 2016). Common tailorbirds usually lay 
4-5 brown-spotted blue or white eggs, with the plaintive 
cuckoos also laying eggs of similar (but not identical) color 
and pattern (Tunheim et al., 2019; Yang et al., 2016). 
Tailorbird hosts with blue clutches eject 100% of conspecific 
white eggs but accept 100% of conspecific blue eggs; 
similarly, tailorbird hosts with white clutches eject 100% of 
conspecific blue eggs and accept nearly all conspecific white 
eggs (Yang et al., 2016). The common tailorbird is a local 
resident species with a relatively long breeding season from 
mid-March until the end of September (Yang et al., 2016). 
These birds build nests in broad-leaf forests or shrubs at the 
edges of mountains by stitching together 1-3 leaves (Tunheim 
et al., 2019). 

In this study, we carried out experiments on nests 
containing spotted-white eggs (Figure 1A). The mean 
weight, length, and width of the common tailorbird eggs 
were 0.92+0.01 g, 15.50+0.07 mm, and 11.09+0.06 mm 
(meant+tSD, same below; n=38), respectively. Real white 
eggs (Figure 1B) were purchased from munia (Lonchura 
spp.) suppliers with mean weight, length, and width of 1.03+ 
0.02 g, 16.6040.32 mm, and 12.36+0.29 mm _ (n=20), 
respectively. Blue and white soft clays were manually 
molded into model eggs before they were baked for setting 
and were similar in size and shape to the common tailorbird 
eggs (Figure 1C, D). The mean weight, length, and width of 
the model eggs were 1.56+0.01 g, 15.79+0.16 mm, and 
11.46+0.08 mm (n=15) respectively. 

We followed the methods of Yang et al. (2015a) to carry out 
egg rejection tests during the early stage of incubation. All 
experimental nests were independent and not parasitized. The 
experiments were carried out during the breeding season and 
were randomly performed. Four experimental groups were 
used: (1) real white eggs were added to 31 common tailorbird 
nests to test recognition ability. These eggs differed from 
common tailorbird eggs in that they were immaculate; (2) blue 
model eggs that differed greatly in color were added to 12 
nests and (3) white model eggs that were similar in 
background color but without spots were added to 12 nests to 
test if the birds were able to recognize these as foreign eggs; 
(4) one blue model egg and one real white egg (Figure 1E) 
were added to 16 nests to examine the effects of nest 
sanitation on egg rejection behavior. Videos were then used to 
record the egg rejection behavior of the common tailorbirds. 
The experimental period was 6 d, and the study either ended 
when rejection occurred or after 6 d. Nests were monitored 
every 1-2 d for evidence of egg ejection and removal of model 
eggs (Yang et al., 2015a, 2019). 

Data analysis was performed using IBM SPSS 25.0 
software (IBM Corp., Armonk, NY, USA). Fisher's exact test 
was used to compare the probability of rejecting real white 
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eggs in different experimental groups. All tests were two- 
tailed, and the significance level was P<0.05. All data are 
presented as mean+SD. 

The experiments reported here comply with the current laws 
of China. All animal procedures performed in this research 
were in accordance with the ethical standards of the Animal 
Research Ethics Committee of Hainan Provincial Education 
Centre for Ecology and Environment, Hainan Normal 
University (permit no. HNECEE-2012-002). 

The common tailorbirds generally used their bills to remove 
the model and real eggs. Of the 31 nests in the first group, 
real white eggs were rejected from only five nests (16.1%). In 
the second and third groups, the blue and white model eggs 
were rejected from all 12 nests (100%), respectively (Table 1). 
In the fourth group, however, although the blue model eggs 
were rejected from all 16 nests (100%), the real white eggs 


were rejected from only eight nests (50.0%) (Table 1). 
Differences were observed in the time taken to reject real 
eggs (from 1-4 d) and model eggs (within 5 h after 
parasitism). When both real eggs and blue model eggs were 
added, the bird rejected the blue model egg before the real 
egg. No differences were observed between nests with the 
addition of white model eggs and blue model eggs (100% 
ejection in both cases). However, there was a highly 
significant difference in the rejection rates between nests with 
only real white eggs and nests with white or blue model eggs 
added (;7=38.176, df=2, P<0.001). There was also a 
significant difference in the rejection rates between nests with 
only real white eggs and nests with both real eggs and blue 
model eggs (;7=6.051, df=1, P=0.02), i.e., the addition of blue 
model eggs increased the rejection rate of real white eggs 
from 16.1% to 50%. 


Table 1 Number of nests in which a model egg was rejected (% total nests) and number of nests in which a real white egg was rejected 


(% total nests) 


Experimental group 


Model egg rejection (%) 


Egg rejection (%) Number of nests tested 





One real white egg -= 


One blue model egg 12 (100) 
One white model egg 12 (100) 
One blue model egg and one real white egg 16 (100) 


—: Not available. 


Egg rejection by hosts remains one of the most striking 
examples in nature of how discrimination in social behavior 
evolves (Gloag & Beekman, 2019). Our results showed that 
common tailorbirds possessed strong nest sanitation ability, 
and that nest sanitation behavior directly affected egg 
recognition of real white eggs. Therefore, nest sanitation 
behavior increased the probability of foreign egg rejection. 
The rate at which common tailorbirds reject real mimetic white 
eggs was previously reported to be low (Yang et al., 2016). 
However, Yang et al. (2016) used conspecific white eggs with 
spots, whereas we used white eggs without spots. In our 
study, the recognition and rejection of 100% of the white and 
blue model eggs by the common tailorbirds demonstrated 
strong nest sanitation and egg recognition abilities. 
Interestingly, when both blue model eggs and real white eggs 
were added to a nest, the proportion of real white eggs 
rejected increased significantly, suggesting that rejection of 
blue model eggs elicited egg rejection behavior in these 
cuckoo hosts. We also found that the tailorbirds rejected the 
blue model eggs before they rejected the real white eggs. 

Previous studies on nest sanitation and egg rejection 
behavior have suggested that a host's egg recognition ability 
is an extension of its nest sanitation behavior (Guigueno & 
Sealy, 2009, 2017; Moskat et al., 2003; Yang et al., 2015a, 
2015b). Yang et al. (2015a) studied the relationship between 
nest sanitation and egg rejection in barn swallows, a host of 
common cuckoos, and found that the addition of peanut shells 
alongside model eggs significantly increased the probability of 
the model eggs being rejected compared to nests in which 
only model eggs were added. This suggests that nest 
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5 (16.1) 31 
= 12 
- 12 
8 (50.0) 16 


sanitation behavior in hosts can significantly affect egg 
recognition. In our study, common tailorbirds rapidly rejected 
100% of the egg-shaped blue model and white model eggs 
added to their nests. These model eggs had the same effect 
as peanut shells in Yang et al. (2015a). 

The rejection of all model eggs suggests a ubiquitous 
cleaning method and further implies that common tailorbirds 
have a strong ability to recognize and exclude egg-shaped 
objects similar in size to their own, which is consistent with the 
second stage of recognition of egg-shaped objects mentioned 
by Moskát et al. (2003). When the blue model egg was added 
alongside the real white egg, rejection ability increased 
because the sudden appearance of an obvious foreign object 
stimulated nest sanitation behavior. This resulted in the 
tailorbirds paying greater attention to other objects in the nest, 
i.e., their egg recognition ability was also activated, thereby 
increasing the egg rejection rate. 

Common tailorbird nests are leaf-shaped and similar to 
cavity nests. During the hatching stage, foreign objects can 
fall into such nests. In addition, common tailorbirds are hosts 
to plaintive cuckoos and experience high cuckoo parasitism 
pressure (Nahid et al., 2016; Tunheim et al., 2019). 
Undoubtedly, parasitic eggs are major foreign objects in their 
nests. At the same time, plaintive cuckoos and common 
tailorbirds both produce spotted-white or spotted-blue eggs. 
However, when plaintive cuckoos parasitize the nests of 
common tailorbirds, the color of their eggs does not exactly 
match that of the host's (Yang et al., 2016). This difference in 
color between the parasitic and host eggs significantly 
increases the probability of egg rejection. In this sense, egg 





Figure 1 Photographs of common tailorbird egg (A), real white 
egg (B), blue model egg (C), white model egg (D), and example of 
experimental group with addition of one real white egg and one 
blue model egg (E) (Photos by Chang-Zhang Feng) 


recognition is promoted in common tailorbirds through the 
presence of parasitic eggs that are recognizably different in 
color (Yang et al., 2016). This is similar to the removal of egg- 
shaped objects that differ from host eggs during nest 
sanitation behavior. However, the difference lies in egg color 
(Moskat et al., 2003). Common tailorbirds reject blue model 
eggs before rejecting real white eggs. This suggests that nest 
sanitation behavior evolved before egg recognition. In 
addition, egg rejection behavior in common tailorbirds toward 
model eggs and real white eggs is similar. This shows that 
egg rejection behavior is an extension of nest sanitation 
behavior. After blue model eggs were added, nest sanitation 
behavior was strengthened while the ability to reject real white 
eggs also increased. 

Differences in egg recognition abilities are found among 
different bird species and populations, which explains why 
some previous studies found no relationship between nest 
sanitation and egg rejection. For example, the addition of 


foreign objects had no effect on the rejection rate of foreign 
eggs in red-winged blackbirds, an egg accepter of cowbirds 
(Kemal & Rothstein, 1988; McMaster & Sealy, 1997; Peer, 
2017). Furthermore, the addition of peanut shells to brown- 
breasted bulbul nests (an egg rejecter) had no effect on the 
rejection of model eggs (Su et al., 2018). However, Yang et al. 
(2015a) found that the addition of peanut shells to barn 
swallow nests improved the rejection rate of model eggs. 
Common tailorbirds can recognize foreign eggs without 
stimulation of nest sanitation behavior, but the addition of 
obvious foreign objects may increase its motivation to 
recognize eggs in the nest and time spent checking. Evidently, 
more studies on the relationship between host nest sanitation 
behavior and egg rejection abilities are required to explain the 
origin of egg rejection ability. 

The experiments carried out in the present study showed no 
significant differences between artificial model eggs and real 
eggs. This agrees with the results of Peer et al. (2002), who 
placed model eggs and brown-headed cowbird (Molothrus 
ater) eggs into northern mockingbird (Mimus polyglottos) 
nests and found no differences in the rates at which real eggs 
and model eggs were rejected. Guigueno & Sealy (2012) also 
determined that the shape and size of model eggs are 
important factors in host rejection of non-egg-shaped objects. 
Here, common tailorbirds rejected 100% of non-mimetic white 
model eggs added to their nest, but accepted some mimetic 
real white eggs, indicating that these birds can distinguish 
between white model and real eggs. This also suggests that 
more attention should be paid to bias in birds with strong egg 
recognition abilities (e.g., Yang et al., 2019) when model eggs 
are used to test host egg recognition in brood parasitism 
studies. In addition, understanding the phylogenetic 
distribution and transitions of nest sanitation and egg rejection 
behavior should facilitate future research (Liang et al., 2013). 

In conclusion, our study showed that common tailorbirds 
possessed strong nest sanitation and recognition abilities and 
used their bills to remove model eggs similar in shape and 
size to their own. In addition, we demonstrated that the 
removal of egg-shaped foreign objects (e. g., model eggs) 
directly improved the birds' egg recognition ability. The 
association between egg ejection and nest sanitation in 
common tailorbirds provides valuable information on the 
cognitive decision-making processes of this plaintive cuckoo 
host. Furthermore, our study suggests that egg recognition 
ability in birds likely evolved from nest sanitation behavior and 
that egg recognition is a more advanced form of nest 
sanitation behavior. 
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